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Time-dependent fluxes, and flux functionals such as dose,

heating, count rates, etc., are calculated as function of
energy, time and position. Multiple scoring regions are
permitted and these may be either finite volume regions or point
detectors or both. Other sccres of interest, e.g., collision
and absorption densities, etc., are also made.

A special feature of SAM-CE is its use of the "combinatorial
geometry" technique which affords the user geometric capa-
bilities exceeding those available with other commonly used
geometric packages. An automatic geometry checker is included.

All nuclear interaction cross section data (derived from
the ENDF IV libraries) are tabulated in point energy meshes.
The energy meshes for neutrons are internally derived, based
on built-in convergence criteria and Lser-supplied tolerances.
Tabulated neutron data for each distinct nuclide are in unique
and appropriate energy meshes. Both resolved and unresolved
resonance parameters from ENDF data files are treated auto-
matically and extremely precise and detailed descriptions of
cross section behavior is permitted. Such treatment avoids-the
ambiguities usually associated with multi-group codes, which
use flux-averaged cross sections based on assumed flux dis-
tributions which may not be appropriate.

By use of the "band" feature of the code, which automatic-
ally splits cross section data into two or more energy ranges
to be treated one at a time, SAM-CE affords one the ability to
consider many nuclides, in a given configuration, each being
described in much detail.

SAM-CE also provides the user with the opportunity to
employ energy, region and angular importance sampling.

An extensive library of processed cross sections for use in
SAM-CE is available at the Radiation Shielding Information
Center (RSIC), ORNL, Oak Ridge, Tennessee.
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SECTION 1: INTROD'CTIQN

1.1 General Description of the SAM-CE System

t• The SAM-CE system is a FORTRAN Monte Carlo computer code

designed to solve the time-dependent neutron and gamma ray trans-

port equations in complex three-dimensional geometries.

SAM-CE is applicable for forward neutron calculations and for

forward as well as adjoint primary gamma ray cal.ulations. In

addition, SAM-CE is applicable for the gamma ray stage of the

coupled neutron-secondary gamma ray problem, which also zaf be

solved in either the forward or the adjoint mode.

Time-dependent fluxes, and flux functionals such as dose,

hepting, count rates, etc., are calculated as functions of energy,

time and position. Multiple scoring regions are permitted and

these may be either finite volume regions or point detectors or

both. Scores at point detectors are made by a new "bounded-

estimator" procedure which completely eliminates the possibility

of "blow-up" scores due to the usual inverse-square estimation

process. Other scores of interest, e.g., collision density and

energy deposition, are also made.

A special feature of SAM-CE ic its use of the "Combinatorial

Geometry" technique which affords the user geometric capabilities

exceeding those available with other commonly used geometric

packages. Sophisticated procedures have been built into the code

to allow the user, as an option, to check automatically the

validity of the geometry input data.

All neutron and gamma ray cross section data, as well as

gamma ray production data, are derived from the ENDF libraries,

and are tabulated in point energj meshes. These energy meshes

are internally derived, and are based or built-in convergence

Preceding page blank
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criteria, which, as an option, may be overridden by the user.

Tabulated data for each distinct nuclide are thus in unique and

appropriate energy meshes. Both resolvec and unresolved reso-

nance parameters from ENDF neutron data files are treated auto-

matically and extremely precise and detailed descriptions of

cross section behavior is permitted. Such treatment avoids the

ambiguities usually associated with multi-group codes, which use

flux-averaged cross sections based on assumed flux distributions

which may or may not be appropriate.

By use of the special "band" feature of the code, wVich auto-

matically splits cross section data into two or more energy ranges

to be treated one at a time, SAM-CE affords one the ability to

consider many nuclides, in a given configuration, each being

described in much detail.

SAM-CE also provides the user with the opportunity to employ

energy, region and angular importance sampling. Also, thermal

neutron (Maxellian-averaged) cross section treatment and a thermal

neutron diffusion options are available for low energy neutron

problems.

1.2 Organization of the SAM-CE System

SAM-CE is a system composed of three separate programs;

SAM-F and SAM-A for forward and adjoint Monte Carlo calculations,

respectively, and SAM-X, a pre-processor for neutron and gamma

ray c:oss section as well as for gamma ray production data.

The overall organization of the SAM-CE system is outlined in

Figure 1.1.

10
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Consider first the use of SAM-X. Neutron and gamma ray

cross section and gamma ray production data, in the form of files

from an ENDF library,* are supplied to program. For the user-

K• specified materials, SAM-X extracts the necessary raw information

and organizes the data into the format reauired by the SAM-F and

SAM-A Monte Carlo codes. If neutron resonance parameters are k
supplied by ENDF, SAM-X will reconstruct point energy cross

section values in the resonance range in an appropriate internally-

determined energy mesh. The output files of SAM-X are processed

neutron and gamma ray cross section and gamma ray production

data tapes which, in general, are saved and thus need not be

recreated until the basic ENDF library itself is revised for

one or more nuclides of interest. At that time, only the revised

nuc ides need be reprocessed.

Oext in sequence is SAM-F, the forward Monte Carlo program.

SAM-F, (coisider first the neutron case) reads in the neutron

cross sect:;on data, generated by SAM-X, and geometry and other

descriptive data supplied as input. The neutron source may be

either generated internally from input provided by the user or

may be supplied in the form of a previously created "external"

source tape. The latter may be generated by any user-developed

ad hoc coding providing the output is in the specified format.

SAM-F then calculates and provides an edit of the desired

neutron fluxes and flux-functionals. in addition, if either

a forward or adjoint secondary gamma ray problem is to follow

the neutron calculation, the output will also consist of a neutron

"interaction" tape. This tape contains records of all the inter-

Also referred to in the literature as "ENDF/B."
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action experienced by neutrons, in the Monte Carlo game just

completed, which could possibly lead to the proxduction of secon-

dary gamma radiation. Subsequently, the interaction tape is

read into either program SAM-F (gamma ray mode) or SAM-A. These

codes use the nuclide tables of gamma ray production data,

generated by SAM-X, to convert the interaction data into

a secondary gamma ray source.

Consider next gamma ray transport. Either SAM-F (forward)

or SAM-A (adjoint) may be used. In general, a small source and

a distributed scoring region situation is amenable to solution

by forward Monte Carlo -- thus SPA-F. Conversely, a distributed

source and a point scoring region situation lends itself well

to solution by adjoint Monte CArlo -- thus, SAM-A.* Note that

since secondary gamma ray problems almost always involve distri-

2 •buted sources of the secondary radiation, SAM-A is often used

in this situation. The commonly encountered point neutron source -

point secondary gamma ray detector configuration is examined

efficiently by use of SAM-F for neutzons and SAM-A for secondary

gamma radiation.

For gamma ray transport, as was the case ýor neutron trans-

port, the source may be either internally generated or supplied

as an external source tape.** In addition, the neutron inter-

action tape described above may be used in lieu of a source descrip-

r tion.

At present, SAM-A detector regions must be point detectors,
or one of the simple geometric bodies of the Combinatorial
Geometry package.

** At present, SAM-A cannot generate primary sources internally.
It can, however, bP used to !ink up with an arbitrary surround-
ing surface and thus can be used is a "vulnerability-type" code.
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Using these data and geometry and other input descriptions

provided by the user, both SAM-F and SAM-A calculate and provide

edits of the desired (primary or secondary) gamma ray fluxes and

flux functionals.

1.3 Organization of this SAM-CE Manual

Sections 2, 3 and 4, which follcw, describe in detail the

SAM-X, SAM-F and SAM-A programs, respectively. Descriptions of

input and output as well as tape and disk file assignments are

provided.
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SECTION 2 - PROGRAM SAM-X

2.1 General Description of the SAM-X Program

With the establishment of the Cross Section Evaluation Center

at Brookhaven National Laboratory, detailed and up-to-date evalu-

ated cross section information, in the form of the ENDF files, has

become available. In order to make use of this wealth of accurate

information in the SAM-CE System, the SAM-X program which generates

processed cross section data tapes for later use in the SAM-F and

SAM-A Monte Carlo codes, was written.

SAM-X is designed to process ENDF neutron and gamma ray cross

section and gamma ray production data files. The output of SAM-X

is a neutron element data tape (NEDT)*, a gamma ray production data

tape (GPDT)*, and a gamma ray element data tape (GEDT)*, shich are

subsequently used as input to the SAM-F and SAM-A Monte Carlo trans-

port codes.

SAM-X is a program with an overlay structure, The code com-

prises a small driver (main overlay), and five processors (primary

overlays): NUTRON, PEND, WEED, GAMMA and BCDEAN,** Program NUTRON

processes the ENDF neutron files. Program PEND (Production from

Evaluated Nuclear Data) processes the ENDF photon production files.

Program WEED (Weed-out Extra Energy-dependent Data), which comple-

ments PEND, is a data reduction code. Program GAMMA processes the

ENDF gamma ray cross section files. Program BCDEAN convects the

normal binary mode output of SAK-X to BCD mode for inter-facility

* In the descriptions that follow, EDT (element data tape) will
generally refer to either an NEDT, a GPDT, or a GEDT, where the
specific reference intended is clear from context,

** Refcred to as NUTRON, PEND, WEED, GAMMA and BCDEAN throughout
Section 2, these primary overlay programs are actually coded as
PROGRAM OVER10, OVER20, OVER30, OVER40 and OVER50, respectively,
as convenient flags in switching from CDC to IBM versions.



transmission of processed data.*

NUTRON reads the ENDF neutron files (File 1 through 5) an4

calculates total, total scattering, and inelastic cross sections

and establishes the tables required to treat the angular distri-

bution of neutrons emerging from scattering collisions and the

energy distribution of those emerging from inelastic scattering

collisions. The code permits Doppler broadening in the resolved

resonance range.**

The organization of an NEDT for an element is given in

Appendix A.

Program PEND reads the ENDF photon pzrduction files (File 12

through File 15) and the related neutron files (File 1 and File 3).

The code processes this ENDF information and produces a gamma pro-

duction data tape (GPDT) to be used as input for SAM-F and SAM-A

for the solution of forward and adjoint secondary gamma ray trans-

port problems. The organization of a GPDT for an element is des-

cribed in Appendix D. It should be noted that the code treats ani-

sotropy of gamia ray production - provided such information is given

by ENDF in File 14.

The potentially large GPDT, which may be produced for one

element by PEND, motivated the development of the data reduction

program, WEED. This overlay of SAM-X is designed to reduce the

size of a GPDT. Normally, the original GPDT produced by PEND is

procossed by WEED with default criteria governing the extent of the

* BCDEAN can also operate as a stand alone code and convert BCD
mode data to binary mode on either an IBM or CDC machine.

**In the present version, no attempt has been made to extend the
treatment to all :iergies since the effect has little signifi-
cance in shielding calculations.
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data reduction. But WEED may be utilized to reprocess a GPDT

which has already been "WEED-ed", if so required. In addition,

the internally set default criteria may be superseded by user-

specified criteria,

Program GAMMA reads the ENDF gamma ray cross section file

(File 23). Since both Monte Carlo codes, SAM-F and SAM-A, do not

consider coherent scattering at the presern. time, the total cross

sections (MT=501) given by ENDF are modified by subtracting out

the coherent scattering (MT=502). GAMMA then treats incoherent

scattering (MT=504) and re-tabulates it in the same energy mesh as

the modified total cross sections. Note that the Monte Carlo pro-

grams subsequently use the classic Klein-Nishina distribution for

scattering so that an inconsistency develops in the low energy

(x-ray) range.* The organization of a GEDT for an element is des-

cribed in Appendix B.

The machine dependence of the binary EDT produced by the first

four primary overlays motivated the development of the post pro-

cessing program, BCDEAN. This fifth primary overlay serves as a

two way EDT converter, i e , binary-to-BCD and vice versa. The

structure of a typical BCD EDT is described in Appendix N.

The user may now proceed to Section 2.5, 2.6 and 2.7 which

contain descriptions of the input, additional notes to the user,

and tape and file utilization, respectively. However, those de-

siring a more thorough background of SAM-X may wish to read Section

2.2, 2.3 and 2 4 which contain a general description of the ENDF

System, the theory behind the SAM-X code, and the program informa-

tion flow, respectively.
* Development is currently underway to provide SAM-CE with

ri~orcuu. x-ray cross section treatment. This full x-ray
i,}ipbility will be available in 1975, upon the issuance of

the next oflicila revision to thc code.



2.2 ENDF (Evaluated Nuclear Data File) System*

The structure of the magnetic tape containing the ENDF data,

consisting of BCD card images aa requirpd by SAM-X, is shown in

Figure 2.1. A single record written at the beginniag of the tape

serves as identification, and a bingle record written at the end

signals the end of the tape. Between these records, information is

subdivided into data for given materials (labeled MAT). The 1ita

for a particular material are di"'ided further into files (labeled

MF), each containing certain cgasses of information. A file is

subdivided into sections (labeled MT), corresponding to data for a

particular type of reaction. For convenience, Files 1 through 7

may be referred to as the neutron files, Files 12 through 15 as the

photon production files, and File 23 as the gamma ray cross section

file.

For a given material, File 1 (general information) consists of

one or more sections containing a Hollerith description of the

material, a "dictionary" of the data to follow, and data relating to

the number of neutrons produced per fission, to decay, and to fission

product yields. File 2 consists of one section containing para-

meters for resolved and unresolved resonances. Cross sections com-

puted from the parameters in this file, (if any), are added to the

"smooth" cross sections given in File 3, consisting of one section

for each tabulated reaction type. Secondary angular and energy

distributions, expressed as normalized probability distributions,

are given in Files 4 and 5, respectively, with one section corres-

ponding to each reaction type represented. Files 6 and 7 contain

data reldted to correlated angle and energy distributions of

* Also referred to in the literature as ENDF/B.
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secondary neutrons, and to thermal scattering laws, respectively,

but are not utilized in the present version of the SAM-X program.

A description of the formats for photon production data is

2given by Dudziak2. As is the case for the neutron data, the photon

production data fcr a given material are divided into files, each
A

containing certain classes of data. A file is subdivided into

sections, each containing data for a particular reaction. These

reaction types are designated by the same set of MT numbers which

were assigned for the neutron files. Finally, for photon production

data, a section is divided into subsections, one for each discrete

photon and one for the continuum, if any.

In FILE 12, under option LO=l, tabulations of multiplicities,

or partial photon yields, are given corresponcing to incident

neutron energies. This file has no analog in the neutron files.

The structare of FILE 13 parallels that of FILE 12, except

that its subsections are tabulations of the photon production

cross sections. Photon production FILE 13 is analogous to the

neutron FILE 3 (Smooth Cross Sections).

Photon angular distributions appear in File 14. The LI

option serves to flag isotropic distributions (LI=1). ?nisotropy

for some photons is signaled by LI=O, and LTT=l or 2, for

Legendre coefficients or tabulated representation, respectively.

Pnoton production FILE 14 is analogous to neutron FILE 4.
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Normalized energy distributions of continuous photcmn spectra

are the only data given in FILE 15. The system is identical to

that used in the corresponding neutron FILE 5 (Secondary Energy

Distribution) except that, at present, the only continuous distri-

bution law activated is an arbitrary tabulated function, flagged

A. by LF=l.

Photon cross sections appear in FILE 23. Note that SAM-X

subtracts out the coherent scattering cross sections (MTi502)

from the total cross section (MT=501) since coherent scattering

is not treated, at the present time, by either SAM-F or SAM-A.

2.3 SAM-X Program - Thanry

2.3.1 Treatment of the Resonance Region
The data may be given for individual isotopes in a material.

For each isotope, the data may be subdivided into energy ranges

in each of which a different representation is employed. It is

assumed by the code that ranges, given in order of increasing

energy, do not overlap. Generally,. two energy ranges are used to

describe reso!° •. and unresolved resonances, respectively.

2.3.1.1 Resolved Resonance Region

S.AM-X utilizes resolved parameters, depending on both

(orbital) and J (total) angular momentum in the single-level

3reit-Wigner formula with interference, as described in Appendix

D of Reference 1. The formulas appearing in Gregson et al. 4

omitting the resonance-resonance interference term have been

adopted. Written in the laboratory system without Doppler broad-

ening for a given I and for the isotope m, the cross sections are

e.,c-essed as:
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Elastic Scatterina Cross Section

NLS )
on(E)=• on (E), wherenn0 nn -4

Ln(M) = (2*+l) 4. sin 2*

k

N (tJOS2* 2 i "
N ,J) r 2 rnr(ryr+rfr)sin +2 (E-Er).rnrsin2 # t

km r=J L (E-Er) 2 +r r/4J

Nr('J)r-l 2r" r (E-Er) (-s"rr r

Snr ns r r (+ 7m2 Fa gJ E2 22+1r
J r=2 s1 (E-Er)+ r

Radiative Capture Cross Section

NLS
any(E) = 7, c (E), where "

N (L,J) 
r

L Tr nr r ynr
a y(M) =~ 77 -1 t, 2

m r-l (E-Er) +r r/4 (2)m r

Fission Cross Section

NLS
nf (E) = Onf(E), whereL=O

N (t,J)

7n Nj r r r

(M) - g, r= nr fr (3)
r= (E-Er) +r/4

r r

where NLS is given in File 2 for each isotope and g = (2J+l)/2(2I+1).
I is the spin of the targe.t nucleus and J is the spiý of the compound
nucleus for the resonance state.
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The sums over J in Eqs. I through 3 extend over the Nj(t)

possible values of the angular momentum of the resonant states of

the compound nucleus excited by the incident partial wave L. The

sums over r extend over the number of resonances Nr (t,J) fvr each

pair of values of k and J. The fcllowing quantities are defined:

4. ~P (E)r rn(IEr
rE) = neutron width X p (Enr (E)r

r (E) = total width = nr (E) +ryr +fr

"+F [ (IErI)-Sz (E)

E'r E r + p(iEr) . nr(!Er)

Er = energy, in ev, of the peak of resonance r*

E = neutron energy, in ev, ia the laboratory system

km = neutron wave number in the center-of-mass system

=2.196771 x 10-3A-A) /E (barns)-½

A = ratio of the atomic weigh-t of isotope m in the (C1 2 = 12)

scale to that of the neutron.

Fov.mulas f'r the shift factor, S,, penetration factor, P,, and

phase shift, ý,, are given in Table 2.1 for values of L from 0 to 3,

the maximum permitted by the SAM-X program.

Cross sections a:e calculated on an energy mesh with the

density of points determined so that linear interpolation will yield

* For bornd lrvels, the absolute value, IEr , is used.
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TABLE 2. 1-FORMULAS FOR THE SHIFT FACTOR, PENETRATION FACTOR,
AND PHASE SHIFT FOR VALUES OF f FROM 0 TO 3

Orbital
Momentum,

I Shift Factor, S1  Penetration Factor, Pj Phase Shift, 0p

0 p p

I p .

18 + 3p2  p5  p -z 3ta p y •
9 +3rpr+-P• 9+3p-'+p' \3 P)

27 ++ 9O2+64P 1p-p675+9op2 .6o4  p1  .. i (p-p~'\
3 2 2 5 +45 pZ+ 6 p' pb 225+45pz+6p4 +p5  p-tan' l5.6pz

where p = ka
k neutron wave nuinber
a = channel radit, .
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reasonably accurate cross sections at output energies. An energy

array is set up with end points equal to the end points cf the
output energy table, and intermediate points at each resonance

peak. At each of these points the cross sections are computed by

use of the formulas given above. If the energy at which the cross

section is being ca]culated lies within a given number of widths

of a specific resonance, that resonance is included in the sum over

r in the formulas. The given number of widths, WIDTHS, is entered

as input.

For each interval in the energy array establishe', starting

at the low end, the integral over energy of either the absorption

cross section or the total cross section is computed by use of the

Trapezoidal Rule. Then the interval is subdivided by insertion

of a midpoint, and the integration repeated for the pair of inter-

.( vals. The sum of the integrals over the two halves is compared

with that of the whole; if these quantities do not agree within

an input criterion, EPS, the midpoint energy is added to the output

table; if the integrals do agree, the next higher interval is

treatec.

The coding exists for Doppler broadening the resonances by

multiplying the resonance terms by * and the interference term by

x, where 'p and x are the line shape functions calculated in sub-

routine W, as written by O'Shea and Thacher. 5 However, when multi-

level interference occurs no Doppler broadening is calculated by

the code. Fuithermgze, no treatment of temperature dependence exists

outside of the resolved resonance ranger In practice, problems

--- -e-4ieea--rtsii--±tn-whict-he res ncrsivelieefln wp1e--rMFb - -

at room temperature and added to the smooth cross sections of

File 3, usually generated at that temperature.
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2.3.1.2 Unresolved Resonance Range

The present requirements of the ENDF libraries have made

iesirable the use of a newly developed method for generation of £

crosE sections in the unresolved resonance range. This method,

(Gaussian Quadrature), has been placed into the code as the default

(normal mode) option. The method of the mC2 code 6 , has been

retained as an alternative option.

The method of t'e MC2 code, which has been widely used to

obtain average cross sections, is efficient for calculation when

fluctuations are allowed in one or two of the resonance partial

widths. However, the genert~l case, now allowed by the ENDF, may

involve concurrent resonance fluctuations in any or all of four

partial widths, i.e., neutron, fission, radiative and competitive

reactic~a widths. The fluctuating widths are each assumed to be

picked from a separate and independent chi-square distribution

with some number of degrees of freedom. This leads to the possi-

bility of integration in up to four dimensions to obtain the

average cross section. The method of MC2 applied to three and

four dimensional integration involves calculation at an excessive

number of points. Furthermore, the weight constants ut.iliaed in

the MC2 method are not presently available for all cases of interest

in the general multidimensional situation. The new calculational
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t
approach (described below) avoids these difficulties by mathe-

matically reducing the general multidimensional integral to

integration in a single dimension. The remaining integration is

accomplished by a Gaussian quadr&ture technique.

In both methods effective resonance cross sections are evalu-

ated at discrete energy points, E', established at equal lethargy

intervals of width determined by input quantity DELU. The effective

unresolved resonance capture cross section at E* is based on the

expression:

1 rE2f s WdE (4)

c(E) E2 -E1 EJ 1 (i

where energy limits E1 and E2 bound a small subinterval 3urrounding

E*. The sum over s represents the sum over sequences of resonances,

i.e., over particular values of angular momentum, L, and channel

spin, J; the sum over i represents the sum over resonances in a

given sequence.

As described in Reference 6, the interval E2-E 1 may be replaced

by the average spacing of the resonances of sequence as, <D, times

the number of resonances, Ns, contained in the interval. Since

narrow resonances have been assumed, the integration limits may be

changed from (EVE 2 ) to - Also, if the number of resonances

in the interval is large, the sum over i may be replaced by an
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integration over the neutron and fission width distribution S. (r)

expressed as chi-squared distributions with j degrees of freedom, i.e.,

Sj(r)dr j 1 j/2-1

S-(j/2) 2) jr/2 dr (5)

where r = r (E)/rn(E*) is the ratio of neutron width at E to the
n n

mean neutron width at E*. Thus, Eq. 4 for nonfissile materials

and zero competitive reaction width may be written as:

2 gS rS (E*) rS s 05  Sj(r)rdr
21T_ - n -Y------ (6)•CE"--,,.*"2 <'S> ,rSr rsE) (6

c s k <!) for +r r (E*)S k 2  <D

where the mean neutron width at E* for angular momentum L and

total channel spin J of a particular sequence s is given by the

expression

rS(E*) = r P(E) ,j P* = ka (7)
n LJ n,,j *

The reduced neutron width, rO , and the number of degrees
nJ

of freedom, Pj, are given on the ENDF data tape.

It is important to note throughout this discussion that any

temperature dependence has been lost by use of the assumptions

described above.
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a) Gaussian Quadrature Method (Default Option)

The generation of Eq. 6 to include resonance fluctuations in
any or all of the four partial widths is given as

2 ss
2wTnfi (8)n,i ~*(2 D>KLrs

s

where
S S S S S

rs =rn, r r f , r . (9)

r S is the competition reaction width. Also,

rS = rS+1S+r S+rs (10)

and for fluctuating widths,

rSi = -. Sri 
(i

The variablt ri follows the chi-squared distribution with vi

degrees of freedom. It is then shown in Appendix M that,

s-ns r m n
< -s>fni 11 2 r(mi+vi/2)/r(vi/2)H, (12)

rs Vn i i=l

+ n -s (m9Vi./2) _
H = 2 (1+14 2  F r I 1 exp(--_. l-.)P=1L_ .�~Fs r f P.

""2(13)'
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In these expressions, 7 is the sum of all non-fluctuating0

widths, e.g.,r , and n is the number of fluctuating widths. Here

mi =0, 1 or 2 depending on whethe- redction width ri appears as a

factor zero, once or twice, respectively in the numerator of the

left hand side of Eq. 12. For example: assuming r x=0 for elastic

scattering m =2 , n=l; for neutron capture assuming r constant for

all resonances mn=l, m=0, n=l, for fission mn=l, mf=l, n-2.

Equation 13 is evaluated in the code by means of Gaussian

integration utilizing 20 points over the range -1I5us+l taken at

the nezo3 of the Legendre Polynomials of order 20. The abscissas

and we'ights used are given in Table M.1 of Appendix M. It is

;k1.:;o ,,hown there that calculational errors using this scheme are

compiletely negligible.

b) Method of MCC2

it is assumed that the competitive reaction width is zero

and that 1- is constant. Then Eq. 6 gives the cross section for

non-fissile materials. For fissile isotopes, an integration

over the chi-squared distribution, Sk(y), for the fission widths

must also be included in Eq. 6, where y = rf(E)/rf(E*). The mean

fission A.idth is tabulated as a function of energy on the data
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The integration over the chi-squared distributions is per-
i2

formed as it is in MC 2, employing 10-point integration for one or

two degrees of freedom in the neutron width distribution, and five-

point integration for one to five degrees of freedom in the fission

width distribution. Values of zi are determined such that:

f Zili

S 3 (w )dw = -

where N = 10 and 5 for the neutron and fission width distributions,

respectively, and z. = 0, zn =z . Within each interval (zi,z ,

average values of w are computed from the relation,

ZI÷+!

wj+j - N w' Sj(W') dw'

The program then assumes that

(W )(w)S,(w')dw' N f

51I



Tables 2.2 and 2.3 taken from Appendix A of Reference 6 list

the values of wi used in SAM-X.

TABLE 2.2 - VALUES OF wi USED FOR INTEGRATION OF

NEUTRON-WIDTH DISTRIBUTIONS WITH ONE OR TWO

DEGREES OF FREEDOM

Degrees of Freedom, n

Index, i 1 2

1 0.0052543 0.051755

2 0.037174 0.163089

3 0.103133 0.288398

4 0.20785 0.43172

5 0.359875 0.599144

6 0.57432 0.800477

7 0.879486 1.05263

8 1.33502 1.39297

9 2.10558 1.91582

10 4.3923 3.304

TABLE 2.3 - VALUES OF wi USED FOR TNTEGRATION

OF FISSION-WIDTH DISTRIBUTIONS

Degrees of Freedom, n

Index,i 1 2 3 4

1 0.0212093 0.1074 0.189269 0.254966

2 0.155477 0.36007 0.476304 0.549072

3 0.467072 0.699263 0.793185 0.842565

. 1.1071. 1.22312 1.23576 ... 23075
" .24914 2.609S 2.30575 2.12265
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2.3.2 Treatment of Smooth Cross Section Data

File 3 of the ENDF data tape consists of more than one

soction, each containing smooth cross section data for a particular

type of reaction. A list of numbers MT and associated reaction

types utilized by SAM-X is given in Table 2.4.

TABLE 2.4 - LIST OF NUMBERS MT AND ASSOCIATED

REACTION TYPES UTILIZED BY SA4-X

MT Reaction Type

1 Total
2 Elastic
3 Nonelastic
4 Total inelastic (sum of MT=51,52,...,91).
5-15 Not used

16 (n,2n)
17 (n,3n)
18 Fission=(n,f)+(n,n'f)+...,
19 (n,f)
20 (n,n'f)

21 (n,2nf)
22 (r,n')a
23 (n,n')3c
24 (n,2n)ca
25 (n,3n)a

26 Not used
27 Absorption (fission + capture)
28 (n,n')p
29 Scattering (elastic and inelastic)
30-50 Not used
51-90 (n,n) (inelastic levels)
91 (n,n') (inelastic continuum)
92-100 Not used

S101 Parasitic absorption (sum of MT:-i102, 103,...,109)
102 (n,Y)

* 103 (n,p)
164 (n,d)
105 (n,t)

106 (n, He 3

107 . . riHn a)
108 (n,2x)
109 (n,3a)
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Since detailed flow (in program OVER13) is described later, only

a number of assumptions made in the routine are discussed here.

1. Absorption, scatter, and inelastic cross-section

tables as required by -the SAM-F program are gen-

erated. A fourth quantity calculated, dependent

upon input control word IMULT, is either the

multiplicity or the fission cross section.* The

multiplicity, m(E), at energy E is defined as

SNr r(E)

m (E) = r

r

where N r is the number of neutrons emitted in

rear .ion type r, and the sum is taken over

"inelastic" reactions. As is indicated below,

many reaction types for which data are given

explicitly on the ENDF tape are combined to

generate the absorption and inelastic cross

sections for use in SAM-F.

2. The program assumes that all components of composite

cross sections are given in File 3 if the composite,

e.g., nonelastic, inelastic, absorption, parasitic

capture, total scatter, is given. Only the com-

posite inelastic cross section data (MT=4) are

-... uti-l'iZd dnd ftit 5 iv6YiTf hd com6nrien-t-are..

given.

* Only the multiplicity option is relevant to SAM-F (see Input
Description, Section 2.5).
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3. The following reaction types are treated as

components of the absorption cross section:

(n,y), (n,p), (n,d), (n,t), (.,He ), (n,c),

(n,2a), (n,3a).

In addition, the fission cross section is included

in the absorption cross section when the multiplicity

for inelastic scattering is calculated for use in

SAM-F.

4. The following reaction types are treated as com-

ponents of the inelastic cross section:

(n,n'), (n,2n), (n,3n) , (n,n')a, (n,n')3a, (n,2n)a,

(n,3n)a. (n,n')p.

5. If resonance cross sections have been generated in

interval (EIE 2 ) by program OVERl2, the output energy

mesh outside of the interval is determined by use

of the File 3 input tables for reaction types MTABLO

and MTABUP, entered as card input. Reaction types

MTABLO and MTABUP determine the ent.rgy mesh below

and above the resonance range (EV,E2 ), respectively.

Tf no resonance cross sections have been generated,

the two reaction type numbers inputted determine the

output mesh below and above energy ENI, entered as

card input. Points are added to the output energy

table to assure that cross sections calculated at

intermediate points by use of both linear interpolation
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and the interpolation scheme designated by ENDF

agree with-n input criterion EPSI.

2.3.3 Treatment of Secondary Angular Distributions

Secondary angular distributions, expressed as normalized prob-

ability distributions, are given in Files 4 and 14 of the ENrF tape.

Program OVER15 (see Fig. 2.2), and its supporting subroutines

process elastic angular distributions (MT=2) and discrete inelastic

angular distributions (MT=5l,...,90). Similar coding exists in

PEND for File 14 (Photon Angular Distributions). These distribu-

tions may be presented either in tabulated form, normalized such that

1J p(1.,E)dp = 1,

-I

or as Legendre coefficients, f£ (E), defined by
NL

da(p. E) V U•(E • 2+ I •E •j)•"()p•E¶ff. I? 2E? 1 ) P (~i)dEd Q 2,-,' 2 2r.
P-U

where the angular variable p may refer to either the laboratory

or center-of-mass coordinate system (l=cose, where 6 is the angle

of scattering).

The given angular distributions are represented on the EDT

by a table of percentiles (x-table)* in the center-of-mass

coordinate system, where

x = 1W (14a)

.Tf._ x-jralites are.,gIven__N*L ally p:obable angular bins are

defined (with x0 =0 and xN+L=I as implied bin boundaries). The

distribution is assumed to be uniform in each bin.

* Also referred to as "chL table.'



The distribution p(p) (assuming conversion to center-of-mass

if originally given in laboratory system) is, therefore, represented

by q(x), where

1 <<Sq(x)= (N+1)(xn 1 -X); XXXn1 ; nnO,1,...,N (14b)

The x-values are determined from the solution of:
r

n
-- p(p)d•, n=l,2,...,N (15)
-J l-2x

n

In program FILE4 (as well as in PEND), N is determined to be

the smallest integer such that four criteria are satisfied:

(1) N is a non-decreasing function of energy;

(2) the L-th moment of the angular distribution (as

represented) does not deviate from the L-th moment

of the given distribution by more than E£ for £=l,L

(L and c,, z=l, L are read as card input);

(3) the fractional deviation of the angular distribution

(as represented) from the given distribution does

not exceed a (>>O read in as card input);

(4) N does not exceed LADHOC (a number read as iard

input);

The calculation of the x-values by equation (15) begins by

setting N=O for the lowest energy angular distribution. Criteria

(2) and (3) are tested and if either test fails, N is incremented

by 1, and a new set of z-values is computed. When the criteria
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are satisfied, the angular distribution at the next higher energy

is processed, with N initialized to its value at the preceding

energy.

The x-calculation and the testing of criterion (3) p.:oceed

concurrently in subroutine CALCHI. As soon as xn+l is computed,

the given distribition p(p') is examined in the interval (l- 2 Xn+i

<pll- 2xn) for the maximum entry Pm; the value a is compared to the

test value
1

1 1(N+1) (XnP 2m0.5  (16a)
2(+1(xn+l xn~ m

or, for P,<0.5 (= average value of p) the test is relaxed to a

comparison with the value

1

2pm - (N+l)(Xn1 _X; P m<0 . 5  (16b)

If the test value exceeds a, N is incremented by 1 and the

calculations of the xn-values are restarted with n=l.

Criterion (2) can be performed only after all N x-values have

been calculated. The X-th moment, M,, of the distribution (as

represented) is given by

N 1-2xN ~1n
M,= 2(N+1) x PI(p)dw (17a)n=0 (n+l'Xn) 1-2x l

n+l

The M, are computed in subroutine MOMNTX using the relations
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(.~~~ j x2  i- FP(dxp~',
f2 L 1 x2) -PL+ '(Xl)' - (x2)+P-I(x1l

(17b)

P0 (x) = 1 (17c)

P1 (x) = x (17d)

P~lx) W -= (2 X-l)xP-I(x)'(L-l)P (2(x) (17e)

The L-th moment of the given distribution, f., is known if

Legendre coefficients are given, or computed in subroutine MOMENT

if the given distribution is tabulated. Hence, as soon as ML is

computed, the test IMA-f.I: c, is performed in MOMNTX. If IMN-ftJcL.

N is incremented by 1 and the calculation of a new x-table is ini-

tiated. Otherwise, L is incremented by 1 and the next MI is tested.

Criterion (2) is satisfied when L>L.

If at any stage of the x-calculation N=LADHOC, testing of

criteria (1) and (3) is bypassed and N x-values are computed for

the remainder of the angular distributions.

2.3.4 Secondary Energy Distributions

Secondary energy distributions, given in File 5 of ENDF, are

expressed as normalized probability distributions, p(E-oE') where

dE' p(E -E') - 1 (18)
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Furthermore, the distribution is expressed as
p(E.*E') = Pk(E)fk(E•E') (19)

k

so that different distributions in different energy ranges can be

accommodated. As seen from substitution of Eq. 19 into Eq. 18,

the fk(E-*E') are normalized in the same way as the p(E-.E'). The
a

fk(E!E') may be specified in several ways, designated by the index

LF.

Distributions for inelastic scattering reaction types only are

required to generate the necessary data for the SAM-F EDT. Although

six different ro'-bVentaLions of secondary energy distribution are

currently defined, the cases that SAM-X will handle are listed in

Table 2.5. These are the cases which are relevant to the SAM-F EDT.

TABLE 2.5 - SECONDARY ENERGY DISTRIBUTION
REPRESENTATIONS HANDLED BY SAM-X

Control

Word, LF Representation of Distribution

1 General tabulated function.

3 Discrete level excitation.

4 General evaporation spectrum,
g(E'/0), 0 = nuclear temper-
ature is constant.

5 Same as 4, but 0 = 0(E).

7 Simple fission spectrum.

8 Maxwellian, g(E') = E'/02 eE'/,
with 0 = constant.

9 Same as 8, but 6 = O(E).
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The SAM-F EDT requires that the energy distribution of inelas-

tically scattered neutrons be specified at each output energy above
S~the threshold. If a discrete component exists, two tables are

established:

1. Table of excitation energies, ELEV(I), where I

varies from 1 to LPLEV, the number of discrete levels;

and

2. Table of cumulative excitation cross section

designated as PLEV(I), where I varies from 1 to LPLEV,

and PLEV(I) is the sum of the excitation cross sections

of the Ist through the Ith levels.

If a continuous spectrum component enists, the table of equi-

probable energies after (inelastic) scattering is established. At

each output energy E, the entries ENN(I) are defined to be the

solutions of the equation:

f ENN(I) f E

qc(E-E')dE' = 4 q(E*E*)dE', I=1,2,...,N

0 0
(20)

where qc(E-E') is the continuous component of the distribution of

neutrons scattered inelastically from energy E to E', and N, equal

to input quantity LENN, is the number of entries in the table at E.
4

Although SAM-X permits only one reaction type with a discrete spec-

trum component, no limit is set on the number of reaction types

contributing continuous components. Therefore, if use is made of

Eq. 19, qc (E-E') may be expressed as:
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in0 k (EWn k pt(E)ft(E-*E')

qc(E-E') = k in 1 (21)
Z a (E)hk T pl(E)
k k

where an(E) is the inelastic cross section at E, and nk is the

number of neutrons emitted in reaction type k. At each output

energy E, q (E-E') is computed at 201 equally spaced ener-gy points

E' from 0 to E. The integral on the right-hand side of Eq. 20

is evaluated at these points, stored in a table, and the values

of ENN(I) are computed by means of linear interpolation in the

table.

2.3.5 Treatment of Photon Production Data

The PEND processor of SAM-X (details of code organization

are given in Section 2.4) produces a gamma production data tape

(GPDT) from the photon production files of an ENDF tape. The GPDT

output by PEND serves as input to both SAM-F and SAM-A (see Figure

1.1) for forward and adjoint secondary gamma ray transport solutions,

respectively. This GPDT may be saved for future SAM-F and SAM-A runs.

The organization of a GPDT is presented in Appendix D. The

current version of PEND is now equipped to process File 14 (Photon

Angular Distributions), as discussed in Section 2.3.3.

From the diversity of information on the ENDF files, the

essential data which must be retrieved are the photon yields tabu-

lated for a two-dimensional grid of energies corresponding to the

incoming neutron energy and the outgoing photon energy. For a

given photon of ener , E, the yield Y (E) is defined as
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Ir
Yy Y(E) - C YW on (E)/*

where Cy(E) ' c-he gaa production cross section for the reaction

which yields the photon of energy EY, and 'On(E) is the total non-

elastic cross section at neutron energy E.

Tabulations of ane CE) are readily retrievable from an existing

neutron element data tape (NEDT). This presupposes that the neutron

data has already been produced by the NUTROK processor of SAI-X.

Hence, the main task of the PEND processor is to produce tabulations

of y(E) for each E . The E set will include whatever discrete

photons are specified, plus a set of "photons" discretized by the

integration of the continuous spectra.

2.3.5.1 Multiplicities

In the ENDF File 12 photon multiplicities may be tabulated

directly (option LOa.L), or must be extracted from transition prob-

ability arrays (option LOm2). In either case, the yields are not

the Y Y(E) defined above, but are the yields, given that P specific

reaction type (i.e., fission, radiative canture, etc.) has occurred.

This means that the corresponding neutron cross sections must be

known. These partials are not retained on the NED,; they must be

computed from the information in the ENDF File 2 and/or File 3.

The current version of PEND is capable of processing the

File 12 photon multiplicities if the interdependence with neutron

cross section data only involves File 3 (Smooth Cross Sections).

At present, there is no coding for option LO=2. The available

routines will extract photon multiplicities which are directly

tabulated (option LO=l) and will combine these with File 3 cross

sections to produce photon production cross sections analogous

to the tabulations produced from File 13 data.
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2.3.5.2 Photon Production Cross Sections

The photon production cross sections given in ENDF 'Ule 13

are tabulated by PEND on the basic energy mesh established for

the NEDT. Due to the potentially large number of neutron energies,

however, only the "non-zero" (using a nanobarn cutoff) values

between two energy bounda will be saved. The procedure is des-

cribed in corresponding subsections of Section 2.4.

2.3.5.3 Anisotropy of Photon Production

Should data exist in File 14 giving anisotropy of photon pro-

duction, PEND will process these data and organize them into the

format recognized by SAM-F and SAM-A.

2.3.5.4 Continuous Photon Energy Spectra

A discretized set of photons is computed by PEND froza the

continuous spectra given in ENDF File 15. A default set of

"photon energies" and corresponding energy intervals for inte-

gration is specified internally, with provision for user override.

The contributions from all given spectra (corresponding to

different reaction types) are superimposed. The procedure is

described in corresponding subsections of Section 2.4.

2.3.5.5 Data Reduction

The data reduction of a GPDT is accomplished by the WEED

processor in two modes, termed "weeding" and "binning." In the

weeding mode, neutron energy mesh points and their corresponding

yields are eliminated in accordance with a linear interpolation

criterion between neighboring mesh points. The second mode

involves reduction of data through the binning (or superposition)

of photons in accordance with a relative energy interval criterion

and an overall GPDT length limit. The details of this procedure are

given in the corresponding subsection of Section 2.4.
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2.3.6 Treatment of Photon Cross Section Data

"GAMMA, the fourth primary overlay of SAM-X, processes the

ENDF photon cross section data into the format recognized by

SAM-? and SAM-A.

In general, -he format of the gamma element data tape (GEDT)

resembles the format of the neutron element data tape (NEDT) but

is considerably smaller in size and in the number of options

necessary to present the data.

The organization of the GEDT is given in Appendix B.

2.3.7 EDT Conversion

The ENDF processing routines, NUTRON, PEND, WEED and GAMMA,

produce an EDT written in binary blocks of 510 words - which is

how SAM-F and SAM-A read the EDT. This makes the original EDT

machine dependent.

To nullify the machine dependence of the EDT, program BCDEAN

may be used. This program serves as a two way EDT converter, i.e.,

binary-to-BCD and vice veraa.

There are two basic modes, then, for using BCDEAN:

1) In the binary-to-BCD mode, the conversion is performed for

one element sequentially as the other overlays of SAM-X process an

NEDT, GPDT (by PEND or WEED) and GEDT, or any partial sequence. The

output EDT is in sequenced card image format and includes a provision

for appending descriptive text.

2) In the reverse mode, BCD-to-binary, BCDEAN operates essen-

tially as a stand-alone code, and can, therefore process any number

of EDT's in a single execution.

The structure of the BCD EDT produced by BCDEAN is described

in Appendix N.
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2.4 SAM-X - Information Flow

The SAM-X code comprises a main overlay (SAM-X), five primary

overlays (NUTRON, PEND,, WEED, GAMMA, and BCDEAN), and seven second-

ary overlays subordinate to primary overlay NUTRON. The gross

Structure of the SAM-X code is shown in Figure 2.2.

Except for the main and third primary overlay, all the overlay

directives specify a first word address (relative to the start of

blank common) for loading. In this manner, the dimension of blank

common is varied from a minimum of 5022 (decimal) required by

GAMMA to a maximum value, currently specified as 30.6K (decimal)

in SAM-X, all of which is also available in WEED.* The 30.6K

(decimal) d!imnsion corresponds to 60 blocks of 510 words, the

1/0 unit of an EDT. Although 50 I/O units would have sufficed in

most situations, the additional 10 I/O units made the total memory

requirement for loading WEED approximately equal to the memory

requ7.red to load NUTRON with OVER15 (the longest branch of the first

primary overlay). Similarly, the intermediate address of 61634

(octal) corresponds to a blank common dimension of 25.5K (decimal),

or 50 I/O units, in PEND, whose memory requirement (strictly for

coding) is intermediate between the requirements for (NUTRON +

OVERI5) and for WEED. Finally, the loading address specified for

all the secondary overlays was determined from the memory required

to load NUTRON alone; this address insures that the secondary

overlays, subordinate to NUTRON, are loaded contiguous with the

end of NUTRON.*

The absence of an explicit loading address in a secondary
overlay directive implies that the secondary overlay is
loaded at the end of its primary, or blank common, which-
ever address is higher.
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In the subsections that follow, each overlay will be given

a detailed discussion, which in conjunction with the comment -

cards of the FORTRAN listing, should aid a programmer in making

changes to the present version of the code.

The main overlay program, SAM-X, controls the call to the

five processors via card input. The user can specify a complete

sequential execution (NUTRON, PEND, WEED, GAMMA,and BCDEAN) a partial

sequence, for example, (PEND, WEED), or an individual execution

of any one processor. The partial sequence WEED) or an

individual execution of PEND presupposes the availability of

the corresponding NEDT from a previous execution of NUTRON. The

individual execution of WEED presupposes the availability of a GPDT

from a previous execution of PEND (or WEED). An execution of BCDEAN

presupposes a prior execution of one of the first four processors.

Another function of the main program is to define all I/0 de-

vices and to specify blank common dimensions for the five primary

processors, transmitted by labeled common/PEW/ and/or implied by the

loading directives, for NUTRON as LENTAB words (see Section 2.8)

and 5022 for GAMMA. BCDEAN does not utilize blank commnon

The main overlay includes one subroutine, DSPLAY. This routine,

utilized by PEND, WEED, and GAMMA, displays a singly dimensioned

array, ten entries per line (with a cumulative count written

in the llth column). The portion of the array to be displayed

is specified by two arguments in the call, viz.

CALL DSPLAY(name(i),£)

where name is the array name, i and k are first and total number

of entries to be displayed, respectively. The format fo- each

entry is either Ell.4 or Ill, the appropriate format being

determined internally.



2.4.1 NUTRON (OVER10)*

NUTRON, controlling the call to various secondary overlalus,

is the main program of the neutron processor, in which most card

input is read for processing the neutron ENDF files. An additicnal

function, performed prior to the call to OVER13 if resonance cross

"* sections for individual isotopes of a material have been generated.

is the combining of such cross sections into one composite table

which is written on logical tape NTAPW. The following routines,

loaded with NUTRON, are used by NUTRON and/or one or more of its

secondary overlay pcograms.

PRHED

This subroutine is called to restore and number the output

pages, and to print the input heading at the top of each page. It

also calls TIME and prints the elapsed time in seconds from start

of execution.

COMBIN

This routine is called to combine partial cross sections gen-

erated on different energy meshes into a composite cross section

table. These data may have been generated for different reaction

types of a given isotope or for different isotopes of a given

material. Tie cross sections appear on logical tapes NTAPR, NTAPT,

and NTAPW, where NTAPR contains the last composite cross section

generated, NTAPT contains the cross sections to be cwmbined with

those on NTAPR, and NTAPW contains the combined data. Use of these

tapes was necessitated by lack ou mentory storage eapacity.

• See ,cofnli footnote, p. L5.



MERGET

This routine, called by COMBIN, performs the merging of the

i2ss section tables as desc:ibed above, adding together, when

necessary, the various contributions to the cross sections calculated.

(rio addition occurs when the subroutine is employed in establishing

the output energy table.) In this calculation of cross sections

from data generated at points intermediate to the output ene7:gies,

linear interpolation is used, si-ce cross sections generated are

required to be linear within an input criterion. Merging continues

until all input data records on tapes NTAPR and NTAPT, together with

any required cross sections stored in memory, have been processed

and combined.

RITRC

This subroutine, called by a number of routines including .-

MERGET, writes two records on logical tape NTAPW; the first record

gives the length of the record to follow which contains tables of

energies and cross sections extending over a limited range of

energies. The routine, written to overcome core storage limitations,

is used to write cross sections on tape in records of NUMWD words

or less during the generation of the cross section table extending

over the entire energy range of interest. NUMWD is entered as card

input to SAM-X.

REDRCi

This routine reads two records from logical tape NTAPR; the

first record'gives the number of words in the second record which

contains the energy and cross section tables to be merged with an

existing table.

REDPC2

This routine is the same as REDRC1, except that logical tape

NTAPT is read.
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SKIP

This subroutine is used to skip over a section, file, or

rc•terial on the ENDF data tape when its argument N is entered as

3, 2, or 1, respectively.

REDLIST

This subroutine is called to read a list record, as described

in Reference 1, from the ENDF data tape. Such a record is a

string of floatin9 point numbers such as the energies at which

fission widths are tabulated as requested in OVER12, or the trans-

formation matrix read in OVER15.

NTERPL

This routine is called to perform an interpolation in a tabu-

lated function, a(E). One of five permissible interpolation schemes,

i.e., constant, a linear in E, a linear in ln E, ln a linear in E,

ln a linear in ln E, is seiected when argument IN jL •ntered as 1,

2, 3, 4, or 5, respectively. E1 and E2 , values of the independent

variable which bracket the value of E at which the result is desired,

are transmitted to the routine together with corresponling values

SIGI and SIG2 of the dependent variable. SIG, the desired result

at E, is transmitted to the calling program by means of the common

block, /INTERPL/.

TIME

This routine, called by PRHED, computes elapsed time in 3econds

by interrogating the machine clock routine.



2. 4. 1. 1 OVER11

After the card input descri),ing the materials whose cross

section and distribution tables are to be generated has been read,

OVER11 is called. The program locates a desired material on the

ENDF data tape by comparison of material identifier, ZA, on tape

with input identified ZAP(I). Then variables are initialized, and

Hollerith information describing the sources of data and their

evaluation (including the dictionary) is read and printed. The

only other piece of File 1 data employed, not required by SAM-F

is that describing v, the number of neutrons produced per fission.

The code accepts the data, expressed as a polynomial in incident

neutron energy (in Mev), retains terms up to second order, and

stores the coefficients. Tf the data are tabulated, a least-

squares fit must be performed by subroutine LSQFT before the

,:oefficients can be stored.

REDTABl

This subroutine is called in a number of programs - OVER11,

OVER131 OVER16-to read a TAB1 record from the ENDF data tape

which, as described in Reference 1, is a tabulation of y(x) vs x

given together with an appropriate interpolation scheme. In the

call from OVER11, the table of v (E) vs E is read.

LSQFT

This routine computes the coefficients of a polynomial of

second degree for y(x), given a tabulation cf y(x) vs x. A stand---'

least-squares fit is performed by solving the three simultaneous
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equations generated. In the case of the call to LSQFT made by

OVERi1, the coefficients of v(E) are calculated when v(E) is tabu-

lated on tne ENDF data tape.

2. 4.1.2 OVER12

The reading of File 2 data is initiated by program OVER12. If

resonances are given for individual isotopes, cross sections are gen-

erated for each isotope, usually on different energy meshes, and then

"written on tape to be combined later after all resonance datp have

been processed. If data exist in the energy range of interest, the

program, either by itself or through subroutine calls, reads resonance

parameters before the call to RESON for the generation of cross sec-

tions in the two ranges. Resolved resonance parameters are read by

Subroutine REDPAR. Unresolved resonance parameters which are energy-

independent are read by RDPARU. Energy-dependent unresolved parameters

are read by the program itself. For fissile elements, the fission

widths may be erergy-dependent with all other resonance parameters

energy-independent. A call is made to REDLIST to read the energy

tabulation points of the fission widths. This is followed by the

call to RDPARU. Before control is returned to the main program, SAM-X,

upon exit from OVERl2, the bounds of the resonance region are stored

for later use in OVER3 where the cross sections are generated for

the entire energy range of interes&.

REDPAR

This subroutine is called to read and print resolved resonance

parameters EI 'r r ,r , r,yrfr for all resonances, as defined in Sec-

tion 2.3.1.1.

RDPARIJ

This routine is called to read and print energy-independent unre-

solvd resonance parameters, Dr nro,0 and r where D is the meansolved
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level spacing, p nr the number of degrees of freedom used in the neutron

width distribution, and r0 the average reduced neutron width. If' n

the data exist, the number of degrees of freedom used and the

distribution of average fission widths at energies already read

in OVER12 are read and printed.

RESON

This routine simply calls subroutine RES and UNRES, respec-

tively, to generate the resolved and unresolved resonance cross

sections for an individual isotope, and then writes the entire set

on logical tape 9.

RES

This subroutine performs the calculation of cross sections in

the resolved resonance range. The code, while establishing the

output energy mesh as described in Section 2.3 calculates cross-

section contributions of individual resonances by means of the

single-level Breit-Wigner formula and sums over the resonances in

a given sequence. Only those resonances whose peak energies lie

within WIDTHS total widths of the energy at which the cross section

is computed are included in the sum.

If requested, the routine calculates a variable convergence

criterion EPS for material M in the resolved range. At a given

energy E

-.PS = EPSI(M) + ln ( rEPSJ (M) -EPSI (M)7 (22)
S P +n (EP/EA)

i.e., a logarithmic variation of EPS is assumed from EPSI(M) at

EA, the lower bound of the resolved resonance range, to EPSJ(M)

at EB, the upper bound.
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During the calculation, subroutine FACTRS is called to compute

penetration factors, shift factors, and phase shifts, subroutine W

to Doppler-broaden the cross sections, and TEGRAT to perform the

Trapezoidal Rule integration of the cross section curve in the

establishment of the output mesh. Cross sections calculated at

the upper end of each energy interval during the establishment of

the mesh are saved if the convergence criterion is not met (NTEST-l);

then the interval is subdivided further as described in Section

2.3.1.1. These quantities ire picked up again when the convergence

criterion has been met (UEMST-2). and the routine moves on to treat

the next higher energy nzte.-rav

Partial cross sections P;* stored in the variable TAB array,

and dumped on tape XTAM ty call to RITRC when either NUMWD words

of energies and crosb sections have been stueed or the generation

of isotopic cross sections has been completed. When all the cross

sections for t$'e various L states of the individual isotope have

been generated in the resolved range, subroutine COMBIN is called

to merge the partial cross sections into a composite table. A note

should be made here about the use of the TAB array. In order to

overcome the lack of memory storage capacity, individual allocations

are obviated by storing input arrays, energy, and generated cross

section tables in the LENTAB word TAB array* and by the use of

indices to keep rack of the origins of the various types of data.

* See Section 2.8.
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FACTRS

This routine is called by RES to calculate the penetration

factors (PENFL), shift factors (SHIFL), and phase shifts (PHIL) at

each desired energy and i-state. Equations used, taken from Refer-

ence 1, are given in Table 2.1. To reduce running time, phase

shifts are calculated only when required in the computation of the

cross section.

W

W is a routine written by O'Shea and Thacher5 for the rapid

computation of the resonance line shape functions * and X as Jhe

real and imaginary parts of the complex probability integral.

TEGRAT

This routine performs the Trapezoidal Rule integration of the

absorption or total cross section, if INTEST is entered as 0 or 1,

respectively. For a given energy interval, cross sections computed

at the end points and at the midpoint are transmitted to the routine

by means of common block /TEGDEP/. The integral over the whole

interval, GR(l), is compared to the sum of the two integrals taken

over each of the half-intervals, GR(2) + GR(3). If these quantities

,gree within input convergence criterion EPSI, i.e., l-rk< EPSI,

where r is the ratio[GR(2)+GR(3)] /GR(l), then the energy, Eu, and

cross section, au, at the upper end of the interval are stored in

the output table (NTEST=2); control is then returned to the calling

program, RES. If the two terms do not agree within the convergence

criterion, (NTEST=1), E an a are stored in memory for later use



in establishing the output mesh; then the lower half-interval is

halved, replacing the whole interval in the procedure outlined

above. The precedure is followed until the two terms agree within

EPSI. Any energies and cross sections stored previously (Jk2) are

then retrieved, in turn, as the next higher subinterval is treated.

(Note: The maximum number of energies or cross sections which may

be stored is 30, at which point the upper bound of the last sub-

interval stored is placed in the output table.)

UNRES

This routine, either by itself or through subroutine calls,

performs the calculation of cross sections in the unresolved range,

as discussed in detail in Section 2.3.1.2. Correct indexing of

resonance parameters in the memory locations of the TAB array is

maintained throughout the routine for the three allowed ENDF formats,

i.e., energy-independent parameters for non-fissile elements, energy-

independent parameters for fissile elements, and energy-dependent

parameters for both fissile and non-fissile elements. After

retrieval of the resonance parameters from memory, the cross sec-

tions are calculated. For the default option, JUNIN=2, this is

accomplished by a call to subroutine GAUSIN. For the MC2 option,

JUNIN=1, the calculation is done within the routine itself. The cross

sections are written on logical tape NTAPN after they have been

generated; then a call to subroutine COMBIN establishes a composite

table of resonance cross sections by merging the unresolved data

with already existing resolved data.
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GAUSIN

This routine is called by UNRES for the option JUNIN-2. It

ccoputes the distribution average of r3rý/r' for elastic scat-\nl 1 /

tering, neutron capture and the fission reaction (if required) as

specified by Eq. 12 and 13. The Gaussian quadrature technique is

utilized as discussed in Section 2.3.1.2.

TBSEEK

This routine is called by UNRES when resonance parameters are

given in the energy-dependent ENDF format. This binary search rou-

tine is utilized to find the indices within the TAB array that

specify the energy points enclosing an E*, a discrete energy point

at which the cross sections are tabulated. After return to UNRES,

a call to subroutine NTERPL calculates the cross sections at E*

using the interpolation scheme specified in the ENDF data.

BLOCKDATA

The BLOCKDATA statement is used to specify the 20 abscissas

and weights utilized in the Gaussian quadrature calculation in

GAUSIN. These are stored in common block LGN.

2.4.1.3 OVER13

The OVER13 program reads and processes the information given

in File 3 of the ENDF data tape. The code reads the data tape,

logical unit 10, while looking for reaction type MT equal to MTABLO,

entered as input for the material being treated. If reaction types

are encountered before MTABLO is found, the data for these reactions

are copies onto logical unit 9. When MT=MTABLO is found, the table

is read "y subroutine REDTAB1, and employed by ADE in establiihing

the output energy mesh below the kower bound of the resonance range,

defined inOVER12. If no resonance information is given on the data
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tape, the energy breakpoint, below which the output mesh is estab-

lished by the table for reaction type MTABLO, is set equal to input

quantity EN1. If reaction types MT=51,...,91 are encountered, the

data for these reactions are copied onto logical unit 17 for later

processing in the OVER16 program. Consequently, neither MTABLO nor

MTABUP can be set to these MT values.

An index M is set up to permit the storing of cross sections

in their proper place in the output table; each energy is followed

by the corresponding absorption, scatter, inelastic, and fission

(multiplicity) cross sections for which M is set equal to 1, 2, 3,

4, respectively. After the energy mesh below the "resonance" range

has been established, existing (resonancel cross sections are read

from logical tape NTAPR in records of NUMWD words or less, added

to the smooth cross sections for reaction type MTABLO, and written

on logical tape NTAPW. If no resonance data have been generated

(IRIT4=0), the table for reaction type MTABLO determines the mesh

on which the cross sections are written on NTAPW to be combined

later with cross sections of other reaction types. Then tape

NTAPW becomes the tape from which existing cross sections will be

read (designated NTAPR) during the processing of data for the next

reaction type considered.

The code continues to read logical unit 10, searching for

reaction type MTABUP, entered as input for the material being

treated. If desired reaction types are encountered before MTABUP

is found, these data are copied onto logical unit 9. The table
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for MTABUP, when found, is read by REDTAB1 and employed by ADX in

establishing the output mesh above the upper bound of the defined

resonance rang,:, or above ENI if no resonance data exist. Cross

sections are read from tape NTAPR and addCd to the smooth cross

sections for reaction type MTABUP in the desired mesh in subroutine

ADX. If the data for MTABUP are not found on logical unit 10, the

code searches logical unit 9 for the table and eatablishes the

output mesh. OVER13 then rewinds tape 9 and processes the File 3

data for the other reaction types on the tape, skipping over MTABUP

when encountered. After the table for a reaction type tredted as

inelastic has been read, the nonzero File 3 data are copied onto

logical tape 15 for later use in OVER16 during the processing of

the energy distribution data (File 5).

It is to be noted here that a number of reaction types are

bypassed, and an appropriate comment printed. As stated in Section

2.3.2, composite cross sections such as total, nonelastic, absorption,

and total scatter are not utilized since it is assumed that data

for all components of these cross sections are given.

Some coding from a predecessor code still exists for the

treatment of temperature-dependent smooth cross sections.

Although this coding is no longer valid, it has been retained to

serve as a guide to required programm.ng changes when this option

is made operational.
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ADVAMT

This routine is called by OVER13 to read the ENDF data tape,

logical unit 10, and copy the File 3 data for individual reaction

types onto logical unit 9 or 17 as the data tape is searched for

reaction type MTABLO or MTABUP.

TESTMT

This routine is called when multiplicity is being calculated,

and sets up the number of neutrons emitted in "inelastic" reactions,

e.g., (n,n'), (n,2n), (n,3n), etc. Then, the product of the cross

section and the number of neutrons emitted is stored in the appro-

priate place in the output table (TAB array).

ADE

This routine is called byOVER13 to add energy points to the

output mesh at energies below the lower bound of the resonance

range, and by ADX to add points above the upper bound of the

resonance range. ADE calls subroutine XLIN as points are added

in order to assure that cross sections placed in the output table

may be interpolated linearly with an accuracy given by input cri-

terion EPSI.

XLIN

As stated above, this routine is called by ADE to assure that

cross sections stored in the output table may be interpol •ted

linearly with given accuracy. Cross sections at the bounds of

an interval are transmitted to the routine through COMMON while

the interpolation index appears in the parameter list. The cross
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section, designated SIGLIN, calculated at the midpcint of the inter-

val by linear interpolation between the bounds, is compared to the

cross section computed by use of the given interpolation scheme.

If the two quantities agree within input criterion EPSI, the energy

and cross section at the upper bound of the interval are stored in
e

the output table and control returned to the calling program.

Otherwise, that energy and cross section are held in memory for

later use, then the lower half-interval is divided in two, and the

procedure is repeated until the two quantities agree within EPSI.

ADX

Thiq routine is called byOVER13 to add smooth and resonance

cross sections on an existing energy mesh, or to establish the mesh

above the resonance range before performing the addition. A call

is made to ADE for the addition of points to t^- smooth cross sec-

tion table that are required in order to assur linearity. Then

when energies below EUP, the upper bound of the problem being run,

have been established, a call is made to MERGET to form the composite

cross sections.

Existing cross sections are read from logical tape NTAPR and

added to smooth cross sections already in memory and transmitted

through COMMON. When NUMWD energ4ies and composite cross sections

have been stored in the output TAB array, or no more cross section

records exist on NTAPR, the composite tables are written on logical

unit NTAPW by a call to RITRC.
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NTERP

This routine is called to deterr-ine the ix ..erpolation scheme

in a particular interval of the smooth cross section table. Then

a call to NTERPL with the proper index yields the cross section at

the desired energy which is to be added to an existing *oss sec-

tion, and stored appropriately in the TAB array.

2.4.1.4 OVER14

After composite cross sections have been generated for the

entire energy range desired, this routine, the main program of

overlay 4, is called to reorder the tables. In the input tables

to 0' 1ERI4, each energy point is followed, in order, by the corre-

sponding absorption, scatter and inelastic cross sections, and the

fission cross section (or the "excess" multiplicity, the sum of

the products of number of emitted neutrons and "inelastic" cross

sections minus one). Here, at each energy, the total and total

scatter cross sections are calculated a, well as the "excess"

multiplicity. Then the table of energieý stored consc,ýutively is

formed and written on logical tape 12, as well as tailes of consec-

utive total crcss sections and total scattering, inelastic scattering,

and fission cross sections (or excess multiplicity). These tables

are also printed by means of a call to subroutine OUTT.

OUTT

This subroutine is called by OVERI4 to edit the output table

of energies and croFs sections, stored in order of increasing

energy.



2,4 .1 .5VERI 5

TheOVERi5 program of overlay 5 reads and processes the inform-

ation given in File 4 of the ENDF data tape. OVER15 governs the

calculations involving the establishment of x-aables for the encraies

at which elastic scattering is anisotropic and by a call to sub-

routine ANTDIN. initiates a similar procedure for anisotropic dis-

crete inelastic scattering. The given angular distributions may

be represented either in tabulated form or as Legendre coefficients

in either the laboratory or center-of-miss sys•__, as specified by

control words LrT and LCT, respectively. For anisotropic discrete

inelastic scattering the x-tables are tabulated on the energy mesh

presci ibed by the ENDF tape for the angular distribution data. FPOT

elastic scattering, the energy mesh on which the x-tables are tabu-

lated is determined by the (card input) flag LCHI. If LCHI>0, the

energy mesh used is the mesh prescribed by the ENDF tape for angular

distribution data, provided that the number of entries in this

energ:' mesh is less than the number of energy points established for

cross sections in OVER12 and OVER13. If the number of entries in the

former is greater than or equal to the number of entries in the

latter, or if LCGI<3, the x-tables are tabulated on the same energy

mesh used for tabulating cross sections ("output", or "basic" mesh).

In the discussion that follows, LCHI is assumed to be less than zero

(corresponding to the basic mesh option). For LCHI>0, the procedure

is similar, except that energy interpolation is bypassed.

Tests are made to determine the input energies E1 and E2 , at

which the anisotropic distribution data are given, which bracket

a given entry E in the output energy table. The distributions at

E1 and E2 are computed on the same angular mesh-of 201 equally
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spaced points utilizing the given interpolation scheme. If the

data are given in the laboratory system, conversion to the center-

of-mass system is first made by subroutine CONVTl since the EDT

requires angular data in the latter system. However, no change

is made in the interpolation scheme. Then the distribution is set

uip at the desired output energy, employing the prescribed energy

interpolation scheme. Integracion under the distribution curve by

means of a call to subroutine GRATE yields a table of area vs.

angle for use in computing the equiprobable angles. The final

step prior to initiation of the x-table computing sequence is to

compute a (card input) number L moments for the 201 point distri-

bution at E by a call to subroutine MOMENT. The first moment is

compared to the average cosine computed for the distribution at

the preceding energy mesh point and both values are flagged if the

absolute diffeience exceeds 0.3.

In the case of Legendre coefficient data, coefficients at the

desired output energy are calculated by use of the given inter-

polation scheme. The order of the Legendre expansion is taken to

be the larger number of the two given at the bracketing energies.

Higher order coefficients not explicitly given are taxen to be

zero. First order coefficients at succeeding energy points are

compared and flagged in a manner similar to the procedure for

tabulated data. If the coefficients are given in the laboratory

system, conversion to the center-of-mass system is performed in

subroutine CONVT. Values of the distribution are subsequently



computed at 201 points equally spaced in the cosine of the scat-

tering angle. In addition, values of th': area under the distri-

bution curve are computed at these points. Linear interpolation

is assumed to be valid between the 201 points generated.

At this stage, the procedures for tabulated data and coeffi-
S

cient data merge with a call to subroutine CALCHI, the main

subroutine of the x-table computations. Each x-table which satisfies

the critetia for generation of x-tables is subsequently written

on logical tape 12, when all output energies have been treated,

for later use in generating the EDT.

CONVTI (ENTRY CONVT2)

CONVT1 is called by OVER15 to convert elastic tabulated angular

distribution data at E1 and E2 from the laboratory system to the

center-of-mass system. This conversion is made utilizing the

relationship:

_= 2

~A 1~+AIP(c) = p( +2LA2+2A c +I1

A similar conversion procedure is followed for discrete level

tabulated angular distribution data beginning at ENTRY CONVT2; this

entry point is called from TABU. The basic difference between the

procedure. for elastic and inelastic scattering is that the inelas-

tic conversion is energy dependent. The same relationships are used
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as for elastic conversion, except that A is replaced by an energy

dependent effective weight A given by

K A A Q(A+l)
EA

where Q is the level excitation energy. Prior to conversion, the

first P2 (algebraically smallest, usually -1) is tested to see if

the condition

-2 2A +11 1 >

is satisfied. If it is not, the tabulated value of P. is outside

the physically valid range at this energy (for example, the thres-

QA 7hold for back-scattering in the lab is A . In this case, an

appropriate message is printed and conversion is bypassed.

GRATE

This routine is called to integrate the distribution curve,

yielding a table of area versus v for use in computing the equi-

probable P values. If we define g, and 92 to be the magnitudes

of the distribution at abscissas x1 and x 2 (angles in the present

case), and A1 and A2 to be the areas under the aistribution curve

integrated from the lower bound x0 to xI and x2 , respectively, then

the following equations may be written for A2 ,

(A2  g ~dx)

in the case of the five possible interpolation schemes:
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1. g is constant

A2 = A1 + gl(x 2 -x 1 ) (23)

2. g varies linearly with x

(x2 -x 1 )
A2 = A1 + (g1 +g2 ) (24)

3. g varies linearly with in x

(g 2 -g 1 ) (x 2 -xI)A2 = A1 +'g 2 x 2 - g9xI - x2 (25)

x1

4. in g varies linearly with x

A 2 = A 1 + (g 2 -gy) (x 2 -xI) (26)2n (g2 /g 1 )

5. in g varies linearly with in x

2 1 A 1 [1x 2 a+l a ln(x 2 /x 1 )

A2 = 1 L -l a ln( (27)

CONVT

This routine is called by QVER15 and LEGEN to convert Legendre

coefficients given in the laboratory to the center-of-mass system

using the energy-independent transformation matrix U-1 read from

the ENDF data tape, i.e.,

c.m. NM lab
f (E)= E UO m (E) (28)m m m

m=0
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ANTERP

This subroutine performs the inverse interpolation to deter-

mine the equiprobable p values (or energies as in OVER16) corre-

sponding to given areas under the distribution curve utilizing the

prescribed inte'polation schemes. If the quantities defined in

Section 2.4.6 are used, the relationships between abscissa x at

area A bounded by A1 and A2 may be written as follows:
I

1. g is constant

x = x + (AAl (29)

2. g varies linearly with x

x I=x + gl-- , if d 2- 1 2 < 10-4 (30)

and since

2 2
A 1 A1  2 x1g2+xx)X

A x2-x1 
21-

(31)

if d >10-4

d 1- d 2 ,'-A, dl1X 1 22 I. + + x (32)

2c1  cc C1  Cl1 1

where
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ds 9g1x 2 -x 1g 2
x2-x1

and

N1-

The sign utilized in Eq. 32 is determined b•y the restriction

x 1 <x<X 2 *

For the last three possible interpolation schemes, an iterative

procedure is followed to solve the equations for x. If no singu-

larities occur, areas are calculated by function subprogram AR at

estimated values of x. Possible singularities occur when x or x2

equals zero, or g, equals g 2 " If x or x 2 equals zero, the value

is replaced by (±10-10)*, and the above procedure is followed; if g,

equals g2, the distribution is treated as constant.

AR

This function computes the area between xI and x, transmitted

as an argument, for the three interpolation schemes involving

logarithmic variation.

1. g varies linearly with ln x

A = A1 + gl (x-xl) + 2- X n (3)

lnQ )
1

2. in g varies linearly with x

A = A1 + g - (34)

T The choice of sign is governed by the requirement that the
ratio x2/x be positive (see Eqs. 25 and 27).
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3. in g varies linearly with in x

A A + lxl a+l Ni a= ln(g2/g1 )1 a= 1n (x 2 /x 1 )

These equations are generalizations of Eqs. 25 through 27.

ANIDIN

This subroutine governs the processing of discrete level

angular distributions. It is called by OVER15 when elastic scat-

tering angular distributions have been processed.

Its supervisory roles include: initiating the reading of

TAPE10 by a call to INIT; initiating calculation of 201 point

distribution tables via calls to LEGEN or TABU, if Legendre coef-

ficients or tabulated data are given, respectively; generating

x-tables via calls to CALCHI and MOHNTX; and reorganizing and

storing the x-tables by calling RESTOR and ENCORE (an entry point

in RESTOR).

CALCHI

This subroutine, called by OVERl5 and ANIDIN, calculates a

table of x values and concurrently compares the "x-distribution"

with the given distribution in accordance with the "a-criterion",

as discussed in Section 2.3.3.

INIT

This subroutine initiates the reading of file 4 ENDF for

discrete angular distributions. It skips any section which does

not correspond to a level excitation by calling SKIP and senses
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the file end (FEND) card, uhich signals the end of angular dis-

tribution data.

IOAWDIN

This subroutine reads the last card from INPUT which sets

the logical variable DEBUG. DEBUG either allows or supprasses

debug printout. The remainder of the operations in this routine

involve printing descriptive information for discrete level angular

distributions, such as the excitation energies for the given

reactions.

IOFIL4

This is an auxiliary I/O routine called by OVER15. The input

to this routine establishes the criteria to be used in the chi

table computations, as discussed in Section 2.3.3. An input of

one blank card establishes the default set of criteria (see dis-

cussion in Section 2.3.3):

(1) N is a non-decreasing function of energy;

(2) c, 0.02, £ = 1,3

(3) c = 0.5;

(4) LADHOC = 30;

LEGEN (ENTRY LEGE)

This subroutine is called in ANIDIN to generate the angular

distribution at 201 equally spaced cosines from the given Legendre

coefficients at the first energy mesh point. Entry LEGE is called

for given energy mesh points after the first. The calculations

performed are similar tc the procedure used for elastic scattering

in OVER15.
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MOMENT

This subroutine computes L moments for an angular distribution

tabulated at 201 points. It uses trapezoidal integration and the

following properties of Legendre polypomials 8

(2 n+l)xPn (x)-nP 1(x)
Pn+l(x) = n+l (ni1)

P (1) = 1, P (-i)=(-i)n n

MOMNTX

This subroutine computes L moments for a chi distribution of

N entries and performs the c, comparison with the moments of the

given angular distribution. In addition to the properties of

Legendre polynomials used in MOMENT it uses the property8

Pn+l (X) - P (x) = (2n+l) P (x), (nl)

RESTOR (ENTRY ENCORE)

This subroutine, called by ANIDIN, reorganizes and stores

level chi data for each discrete reaction (MT). Entry ENCORE is

called by ANIDIN when all MT have been processed, whereby the

arrangement for all level chi data is finalized an" stored on TAPE16.

This information is subsequently read in program- SETDAT when the EDT

is written.
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TABU

This subroutine is called in ANIDIN to generate the angular[i distribution at 201 equally spaced cosines from the given tabulated

data. It is analogous to subroutine LEGEN, which processes Legendre

data.

2.4.1.6 OVER16

This routine, the main program of overlay 6, reads and processes

the information given in File 5 of the ENDF data tape, and estab-

lishes the tables required by the SAM-F EDT for the reactions

designated as inelastic. Earlier the data representations treated

in OVER16were listed in Table 6. For discrete levels subroutine

TPREP proceeds to read the c(E) vs E table from logical unit 17

(written earlier in OVERl3) and, by calling subroutine SETUP, estab-

lishes the table of cross sections of level k on the output energy

mesh. As each level is processed, the cumulative sum of these

cross sections is written on logical unit 14 in order to conserve

memory. When all the discrete levels have been treated, the data

on tipe 14 are read, transposed, and written on logical unit 11 as

ozie record of LPLEV words at each output energy. The Ith entry

is the cumulative cross section of the first I levels. The required

excitation cross sections are written on tape 12 for later use in

generating the EDT. If data for MT=91 was written on logical

unit 17 inOVER13, a call to subroutine UPREP establishes this data

on the output (or "basic") energy mesh.
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For continuous spectrum components the probability distri-

bution p(E) is read, and established on the output energy mesh.

Inelastic cross sections are read from tape 15, with the implicit

assumption that the order of reaction types having data on tape

15 is the order in which energy distribution data for inelastic

reactions are presented in File 5. For MT=91, the inelastic cross

sections are read from logical unit 17 where they were stored by

subroutine UPREP. The product of cross section, p(E), and number

of neutrons emitted in the reaction is formed, and the cumulative

sum of this quantity over all continuous spectrum components is

stored in the TAB array at each output energy. The array is used

later in generating the equiprobable energy tables. If necessary,

as in the case of control word LF equal to 5 or 9, the nuclear

temperature 0(E) table is read and established on the output energy

mesh, again by a call to SETUP. Then the distribution is either

read (LF=4,5) or computed from the known expression (LF=7, 8 or 9),

and at each output energy E is tabulated at 201 equally spaced

points, from 0 to energy E. The table is formed in subroutine DIST

(DISLFl if FL=l or DISLF3 if LF=3) where it is written on tap, 14 for
4

processing after all continuous distributions have been tabulated. At

that point, the sum appearing in the numerator of Eq. 21, Section 2.3.4,

E Ci in (E)n k EZp (E)f k(E-E,)

k k
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is calculated at each energy, E, from the data on tape 14. The

cumulative distribution is normalized, as in Eq. 21, and written

on tape 15. With the distribution available at each output energy,

subroutine EQUIPE iz called to generate the equiprobable scattered-

energy tables. That is, each distribution curve is integrated,

and by means of inverse interpolation in the area vs scattered

energy (E') tables, the equiprobable energies E' are computed.

These ENN tables, as they are described in Section 2.3.4, are then

written on logical unit 12, and the tables of indices IENN and

IPLEV are written on tape 14 for later use in creating the EDT.

SETUP

This routine is called to establish the cross section a(E),

or the fractional contribution, p(E), or nuclear temperature, O(E),

arrays on the output energy mesh. The results, obtained by use

of the prescribed interpolation in the input tables, are stored

in approoriate places in the TAB array. Values of indices IENN
and IPLEV are properly set, as is a counter for the location of

the first output energy at which there is (discrete or continuour)

data.

DIST

At each output energy E, this routine establishes a table of

distribution g(E') at 201 points equally spaced in energy from 0

to E, given the particular representation (LF) of the distribution.

For the general evaporation spectrum that is tabulated (LF=4,5),

the prescribed interpolation is performed in the calculation of

values at desired energies. For the Maxwellian spectrum, use

is made of the relationship
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^x 2 E 2

j g(x')dx' = f g(E'/6) dE' (36)

where (x') = E'/6,

--XI
g(x') = x'e e

to set up the quantity g(E'),/e, since the numerical integration

performed in subroutine EQUIPE extends over energy. The 201-point

table is written on tape 14 for later use in OVER16 in the genera-

tion of the composite continuous distribution due to several

reaction tDpes.

DISLFl

At each energy E, this routine establishes a table of distri-

bution g(E') at 201 points, equally spaced in energy from 0 to E,

for an arbitrary tabulated function (LF=l). This routine is

analogous to subroutine DIST, *'hich processes the other secondary

energy (LF) distribution laws.

DISLF3

At each energy E, this routine establishes a table of distri-

bution g(E') at 201 pointL., equally spaced in energy from 0 to E,

for a discrete level excitation (LF=3) . The delta function is rep-

resented as a triangle, spanning 3 points (2 if at either and of the

range), such that it peaks near E' and its normalization is internally

consistent.

EQUIPE

This routine is called by OVrERl6 to generate the equiprobable

energy tables for the composite continuous energy distribution. Phe

program nuuntricaiiy integiaLes the uistribution curve, given at 201

.quaily bpactu enurtgy puwntsi, with the reasondblt assurmp~lln tvat



the distribution varies linearly with energy between tabulated

poilnts. The table of area vs energy is transmitted, via th'= TAB

array in COMMON, to subroutine EQUE which generates the equi-

probable scattered-energy values and raturns control to EQUIPE.

At that point, the table of equiprobable Qnergies i6 written on

tape 12 for later use in generation of the EDT.

EQUE

Given the table of area under the distribution curve vs energy,

this rou-4 ne computes each of the LENN equiprobable scattered

energies corresponding to particular values of area by means o' a

call to subroutine ANTERP. ',itt energies are stored in the TAB

array for transmission to EQUIPE.

2.4.1.7 OVER17

This routine is the main program ot overlay 7 in whic! the

EDtm is generated in the format required by SAMCE.

RITEDT

Due to core stor:ge limitations, only LENTAB words have been

allotted to the TAB array. (See Section 2,8) If, during the

generation of the EDT, the data to be written exceed LENTAB words,

this subroutine is called each time LENTAD words ha-..e been stored.

Records of 5.0 words are written on the EDT before control •s re-

turned to SETDAT to continue storing outpuý data in the TAB array



2. 4.2 PEND (OVER2 )0

PEND is the controlling program of the photon production

proce~.sor, the second primary overlay of SAM-X. It controls the

calls to the processing subroutines, whicn perform all the cal-~

culational and I/0' functions. The starting point for the processing

procedure is determined by the variable ISTART, which is read by

the.: card input routine CARDIP. Any abnormal start presupposes the

availability of the required information on the restart tape (TAPE 14),

as precomputed and stored by a previous execution of PEND. The

details of this and other user options are given in the following

descriptions of the routines which are loaded with PEND.

CARDIP

This routine, called by PEND, reads all the user card input

concerning the processinc- of paoton production ENDF files.

The following items are read in (user suppliedý or internally

set by default (for cardl input formats see Section 2.5):

(a), A TITLE card 1.6 read and printed.

(bý The alement identifier IDN is read and printed.

'(c) A flag ISTART is read anca printed, the values and

and corresponding implications are:

ISTrR_. IMPLICATION'

'Jr ;,rliank) flG: iaI start

restart p,-init 1 - processing

pruviously completed through

call. to0 APIN;



ISTART IMPLICATION

2 restart point 2 - processing

previously completed through

call to SAVE;

3 restart point 3 - processing

prevoiusly completed through

call to FILE15;

For ISTART>O, a restart tape must be available (designated

as TAPE 14) from a previous execution of PEND. The auxili-

ary restart tape (TAPE 11) must also be available if ISTART=3

and FILE14 data was processed.

(d) ISCAN(10) is read and printed. Curr .tly, only the

first 6 entries are operational. This array presets a

3-way fiag (ISCANA) at 6 milestones in the complete execu-

tion of PEND. For ISCANA<O, execution is terminated;

ISCANA=O, execution continues, but intermediate calls to

DSPLAY are suppressed; ISCANA>O, execution continues with

calls to DSPLAY. The 6 positions corresponding to the

first 6 entries in ISCAN are:

ISCAN (I) MILESTONE

(1) precedes call to DICT

(2) precedes call to SMOOTH

(3) precedes call to FILE 12
(4) precedes call to FILE 13

(5) precedes call to FILE 15

(6) precedes call to TAPOUT

The ISCAN#O option is normally not employed, but it does

provide the flexibility of selective displays, both on the

or2ginsl execution and on restarts.



(e) Next, a variable MIDE is read, which designates the

number of "photons" to be discretized from the continuous

photon distributions (if any). If MIDE<_0, a default set of

photons is established as follows:

(1) the number of discretized photons is set to 41;

(2) the spectrum range from 0. to 108 ev is subdivided

into 41 integration intervals, or "bins," with a low

energy bin (0.0, 0.25 Mev) defined for a photon of energy

0.125 Mev, 39 bins of width 0.5 Mev between 0.25 and 19.75

Mev defined for photon energies at the respective bin

midpoints, and a catchall bin (19.75, 100.0) Mev defined

fox a photon of energy 20.0 Mev. On option, these

default values may be superseded by user supplied energy

and bin definitions for up to 99 photons.

(f) Finally, the criteria for processing photon angular

distributions (FILE 14) are read in. These criteria are

described in Section 2.3.3.

PKIP

This routine, called by ?END, SMOOTH, FILE14, and FII.E15,

is the same as the SKIP routine of program NUTRON.

DICT

This routine, called by PEND, examines the dictionary of ENDF

File 1 and establishes the processing sequence of subsequent files.

In particular, DICT keeps track of all the reactions (MT numbers)

appearing in File 12, so that tbp. corresponding neutron cross

sections are extracted from ENDF File 2 and/or File 3.



TAPIN

This routine is called by PEND to retrieve the basic neutron

energy mesh and corresponding non-elastic cross sections from the

NEDT. The energy mesh is extracted directly; the non-elastic cross

sections are computed from the total, total scattering, and total

inelastic scattering =ross sections.

T,ipe NEDT (assigned to logical TAPE 13) is searched for the

desired element IDN. Once this EDT is found, it is combed (as

directed by the relevant pointers) until the energies, total, scat-

tering, and inelastic cross sect;ions have been stored contiguously

in the TAB array, starting in TAB(l) and ending in TAB('*NEN+NI),

where NEN is the length of the energy table and NI(ýNEN) is the

number of inelastic entries. The final step in this procedure,

based on the expression ane = ot-cs+Oin, computes the non-elastic

cross sections in TAB(NEN+1) through TAB(2*NEN).

PARAM

Currently, this skeleton routine uill STOP execution if called

by PENL. Ultimately, this routine will be designed to process ENDF

File 2 in order to compute the cross sections, which must be com-

bined with the ENDF File 12 yields when applicable. (If resonance

parameters are not given in File 2, only the smooth cross sections

of File 3 are applicable.)

SMOOTH

This routine is called by PEND if File 12 information is given

(as sensed by DICT). For each MT appearing in File 12, this rou-

tine processes the corresponding neutron cross sections in File 3



by calling SUBROUTINE STBLSH. All other MT numbers in File 3 are

bypassed by calling PRIP(3).

After each call to STBLSH, the NEN smooth cross sections,

tabulated on the basic mesh, are stored on tape NPDT for subsequent

calculations in FILE12. Also, if the display switch is on (ISCANA>O),

a call to DSPLAY prints the smooth cross sections.

STBLSH

This routine, called by both SMOOTH and FILE15, sets up an

ENDF TAB1 array on the basic energy mesh, utilizing the specified

ENDF interpolation rules. Interpolation is accomplished by a call

to PTERPL.

pTERPL

This routine, called by DSCRT, STBLSH, .LLEI5, TABLE, and INTEG,

is the same as the NTERPL routine of program NUTRON.

FILE12

This routine, called by PEND, controls the processing of ENDF

File 12 multiplicities (option LO=l). The current version of FILE12

cannot treat transition probability arrays (option LO=2) and execu-

tion is terminated, after printing LO and MT, for LOl.

For each MT value in File 12, the NK discrete photons (and

possibly one photon continuum) is processed by a call to SUBROUTINE

DSCRT.

DSCRT

This ioutine, cpWIed by FILE12 and FILEi3, computes yields

on the basic energy mebh. The ENDF specified interpolation rules



are utilized in calling PTERPL. In addition, DSCRT notes the

first and last mesh point for which an entry is greater than 10-9

and temporarily stores discrete entries on tape NSDT and continuum

entries on tape NDFC. If the display switch is on, a call to

DSPLAY prints the computed arrays.

SKIPTB

This routine, called by FILE12 and FILED3, skips the fitst

TAB1 record in each section of ENDF File 12 and File 13 for which

NK>l. (If the total number of discrete photons and photon con-

tinua is one, i.e., NK=1, this TAB1 record, which tabulates the

total yield for a given re .ction, is omitted.) It is also

called from FILE15 to "flip" past unused TAB1 records.

FILE13

This routine, called by PEND, controls the processing of

ENDF File 13 photon production cro3s sections, in a manner

completely analogous to the procedure in FILE12 under option LO=.

PAVE

This routine, called by PEND, saves on restart Lape NPDT

the information temporarily stored on NSDT and NDFC by DSCRT.

An additional function performed by PAVE is the sorting, in

ascending MT order, of the continua arrays written to NPDT. These

arrays are subsequently combined with the information in File 15,

which is given in asceiAing order of MT by ENDF. Since con;inua

arrays may derive from File 12 and/or File 13, the ascending MT

order might not have been preserved without sorting.
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FILE14

This routine, called by PEND, governs the processing of

photon angular distributions in ENDF File 14.

LEGEND

This subroutine is called by FILE14 to generate an angular

distribution at z01 equally spaced cosines for one energy mesh

point if Legendre coefficients are supplied by ENDF. It is

similar to the LEGEN routine of program FILE4.

TABLE

This routine, called by FILE14, performs the same function

as LEGEND, when ENDF gives angular distributions in the form of

tabulated data.

POMENT

This routine, called by TABLE, is the same as the MOMENT

routine of program OVER15.

PALCHI

This routine, called by FILE14, is the same as the CALCHI

routine of program OVER15.

PNTERP

This routine, called by PALCHI, is an abbreviated version

of the ANTERP routine in program OVER15. It utilizes only linear

interpolation.

POMN*TX

This routine, called by FILE14, Ls the same as the MOMNTX

routine of progrum OVER15.

RSTORE

T1,16 ro' tine, called by FILE14 reory.ilzes and stores the

CHI data for one photon at a tire.



SAVE14

This routine, called by FILEl4, completes the organization

of chi data for all photons and saves this information on the

auxiliary restart tape (see Tape Utilization, Section 2.7).

FILE15

This routine is called by PEND to process the continuous

photon energy spectra in ENDF File 15. Before describing the

processing procedure, it is u3eful to summarize the File 15 dis-

cussion of Ref. 10:

File 15 provides a means for representing continuous

energy distributions of secondary photons. These

energy distributions, f(EE Y), have the units of ev

and are normalized such that

Emax
EyJ f(E+ E)dEY = 1,

where Lmax is the maximum possible secondary photon
Y

energy. The f(E-E ) can be broken down into the

weighted sum of several different distributions,

normalized to unity over (0,E max), Viz:Y• vz



NC -I
f(E-E ) = E pj(E)qj(E-*E ) (ev)

j=i 1

where NC a tha number of partial distributions used

to represent f (E-*E .

qj(EE ---the ith normalized partial distribution

"in the units ev.

pj(E) the probability or weight given to the jth

partial distribution, qj(E-Ey).

The absolute energy distribution cross section, a (E-E ),

can tfen be constructed from the expression

(E-.2) = ( (E)f(E-E ) (b/ev),

where a (E) is the integrated cross section for theY

continuum given either directly in File 13 or through

the combination of Files 2, 3, and 12.

Based on the above discussion, the function of FILElS is to

compute a set of discretized photons from the expressions

Yyi(E) =Y Y (E) fCE-Ey)dEY
AE

Yi

Y (E) = a (E)/o ne(E)

where the Y (E) are the continua yields tabulated on the basic

energy mesh by £'ILE12 and/or FILE13, and AE is the ith inte-Y.
gration bin specified in CARDIP. The computation for each of the

NC partial distrihut.ons for a given AT proceed as follows:

: ,• !



First, the weight function for the partial distribution is

tabulated on the basic mesh by a call to STBLSH. If the display

switch is on, the tabulation is printed by a call to DSPLAY. Two

successive calls to SUBROUTINE INTEG produce the first 2 sets of

partial. fractions by integrating the partial distributions over

the bins. At basic mesh points between these two sets, the corre-

sponding fractions are computed by the specified ENDF interpolation

scheme, using PTERPL. Successive fraction sets at higher inter-

polation energies are computed as needed. The final step in the

computation of a set of discretized photon yields is to form the

cumulative product

n n-i ly (Em) = Yi (Em) + Y (Em) Pi (Em j qj (EmyEy)dEy
AE Y

1

The above expression implies that the contributions from all

NC partial distributions for all MT sections are superimposed.

After each iteration, the current set of cums is written on either

NSDT or NnFC, which alternate as read and write tapes during the

looping over NC. When all of the MT sections of File 15 have been

processed, the discretized yields are rearranged from tabulations

of yields as a function of neutron energy, to tabulations as a

function of discretized photon energy. This is accompl.,shed oy

a call to SUBROUTINE COITFRM.

INTEG

This routine, called by FILEI ,, computes a set of partial

fractions at a given neutron energy for the ENDF specified normal-

ized partial distribution. Integration end points for each bin

are dece,.mined ny calls to PTERPL, while the al. l are com-

puted Ly SUBBCUTNINE PRATE



PRATE

This routine, which is the same as the GRATE routine of

program NUTRON, is called by INTEG to perform the integration of

a distribution in accordance with the ENDF specified interpolation

rules. It is also utilized by SUBROUTINE TABLE.

CONFRM

This routine is called by FILE15 to transpose the computed

continuum photon yields, from photon energy tabulations (rows) to

neutron energy tabulations (colamns), to conform with the storage

scheme of the GPDT. The objective is to limit the number 'f read

passes of tapes N1 and N2 (Ni being the last of the two tapes,

NSDT or NDFC, written on in FILEI5) within the constraints of

the dimension of blank common (NEMID) and the range of neutron

energy mesh points (NE) for which a non-zero (>10-9 ) entry exists.

The read pass of Ni has a two-fold function: determines NE

and writes an abbreviated version of N1 on N2 (the second of the

two scratch tapes used in FILE15) by eliminating entries outside

the boinnds specified by NE. The number of passes (NPASS) of N2

necessary to perform the transformation is then given by the

algorithm,

NPAS' = (MIDE*NE-I)/NEMlj+l

where MIDE is the number of discretized continuum photon energies.

After each pass of N2, the columnar tabulations, which are

stored contiguously in blank common, are written to the restart

tape NPDT, one coi•r- per binary record. If the uisplay 6witch

• on, these columnar tabulations are printed by DSPLAY.



TAPOUT

This routine is called by PEND to retrieve the information

stored on restart tape NPDT, rearrange the information in accord-

ance with the format of a GPDT, append the necessary pointers, and

write out the complete GPDT on tape NSDT (designated as TAPE15)

in records of length 510 words. If the length of the GPDT exceeds

the dimension of blank common (NEMID), the GPDT is written piece-

meal by intermediate calls to SUBROUTINE RITPDT.

CHIOUT

This routine, called by TAPOUT, reads the chi data from the

auxiliary restart tape (see Sec. 2.7) and merges it with the

remainder of the GPDT.

RITPDT

This routine, called by TAPOUT and CHIOUT, writes fragments

of a GPDT whenever the size of the GPDT exceeds thb blank common

dimension.

2.4.3 WEED (OVER30)*

WEED is the controlling program of the data reduction processor,

the third primary overlay of SAM-X. It controls the calls to the

processing subroutines, which ?erform all the calculational and

I/O functions. The choice of reduction modes is governed by the

integer flag IN and the flag array ISCAN controls continuation/

termination of execution and also serves as a display switch. All

flags are set in the card input routine CARDI2. Details of the

latter routine as well as others which are loaded with WEED are

given in the following description-.

*See second footncte, p.15.
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CARD12

This routine called by WEED reads all the user card input

concerning the reduction in length of a GPDT.

The following items are read in (user supplied) or internally

set by default (for car- input formats, see Section 2.5):

(a' A TITLE card is read and printed.

(b) The element identifier IDN is read and printed.

(c) A flag IN is read and rrinted. For IN-l, only

the weeding mode o. reduction is exercised; IN-2,

only the binning mode is exercised; any other

%ialue of IN effects both modes.

(d) ISCAN(3) is read. The entries in this array

correspond to a 3-way flag at 3 milestones in

the execution of WESED. For ISCAN(i)<0, execution

is terminated; ISCAN(i)=0, execution continues,

but call to DSPLAY (to display the current data)

is suppiessed; ISCAN(i)>O, execution continues

with a call to DSPLAY. The 3 positions corre-

sponding to the 3 values of i in ISCAN(i) are:

i MILESTONE

1 after call to GPDIN

2 after call to GPDOUT

3 after call to BIN

(c) The weeding criterion, FACTOR, is read and printed.

It is ignored if IN=2. If FACTOR=,.0 (or blank),

it is reset to the default value of 0.05 (termed

"standard 5% weeding"). For 0.0<FACTOR<0.001,

execution is terminated.
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(f) If IN•l, the binning criteria, FAC and MEMAX, are

read and ?rinted. If MEMAX<I, it is reset to the

default GPDT length 2040 (i.e., the binning continues

until the GPDT length does not exceed MEMAX or only

one photon energy remains). If l MEMAX<510, MEMAX

is reset to 510, the minimum length of an EDT, i.e.,

one binary record.

GPDIN

This routine, called by WEED, reads into blank commoi, the

entire old GPDT, corresponding to element IDN. When IDN is found

on tape LOD (designated TAPE15) the length of this GPDT is com-

pared with the dimension of blank common, NEMID, and execution

is terminated if the number of 510 records represented by the CPDT

length exceeds NEMID.

COMB

This routine is called by WEED if IN#2. It is the main

routine of the weeding mode of data reduction. The Lasic premise

for this procedure is that the reduced set of original mesh points

corresponds to the minimum number of energies sufficient to compute

all of tne eliminated yields (within the relative fraction FACTOR)

by linear interpolation.

The reductiin proceeds in a loop over the basic energies

(tabulated high to low). If the mesh point being considered corre-

sponds to an end point (first or last tabulated entry) for any

photon, the mesh point is retained and becomes the new high

reference point for interýolation. For intermediate mesh points,

the low reference point is ci~osen to bri the next tabulated energy,

and the yiell for every photon in the raige is computed by linear



interpolation. As soon as the interpolated value for any photon

yield effects a deviation which exceeds the allowed tolerance,

the mesh point is retained, as in the case of an end point. If

all the photons in the range satisfy the FACTOR criterion, the

energy point being considered is tagged as a "weed" by a minus

sign (it cannot be eliminated until subsequent interpolation

sequences have been completed).

When all of the entries have been combed in the above manner,

the actual contraction of the GPDT is accomplished in SUBROUTINE

GPDOUT.

GPDOUT (ENTRx GPDTUT)

GPDOUT is called by WEED to complete the data reduction in

the weeding mode. The procedure involves negating all the photon

yields which correspond 1- energy mesh points negated in COMB

(weeds), reseting all pointers for the reduced GPDT, and con-

tracting the old GPDT by "squeezing out" all negative entries, or

weeds. If IN=l (i e., the reduced GPDT will not be binned) the

reduced GPDT is written to tape NEW (designated TAPE9) in records

of 510 words each, starting at entry point GPDTUT. The latter is

also called by SUBROUTINE BIN.

BIN

This routine is called by WEED if IN~l. Its primary function

is to rearrange the GPDT so that photon energies are stored in

ascending order, as a prelude to the actual binning procedure.

Binning is initiated by a call to SUBROUTINE SARDIN. After binning

has been completed, a call to GPDTUT (an entry point in GPDOUT)
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causes the reduced GPDT to be written in blocks of 510 words on

tape NEW.

SARDIN

This routine, along with its subordinate SUBROUTINE SQUEEZ,

performs the binning or superposition of adjacmat (in energy)

photons. It is called by BIN after all the photons have been sorted

in ascending photon energies. This order is not a format require-

ment of a GPDT; it just simplifies the binning procedure.

A hierarchy of conditions must be satisfied before two

photons are superimposed:

(1) The photons must be adjacent in energy.

f2) The photons must have the same angular distributions.

(3) The neutron energy ranges of the photons must overlap

(i.e., they must have at least one common mesh point).

(4) The two photon energies define the minimum fractional

interval.

(5) The minimum fractional interval is less than the criterion

FAC, or the current GPDT length is greater than the

criterion MEMAX.

SQUEEZ

This routin- is called by SARDIN when a photon pair has been

selectt-d by the hierarchical testing in SARDIN. SQUEEZ proceeds

to establish new integer indicators, such as pointers and range

delimitors, resulting from its superpositot. cf th'e designated

photon pair, and shifting all information bc __ t eliminate super-

seded entries. The new photon energy representInc the combined

pair is computed as the average of the t*o vai'-.eso
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2.4.4 GAMMA (OVER40)*

GAMMA is the controlling program of the ENDF gamma ray cross

section processor, the fourth primary overlay of SAM-X.

It reads a list of the elements to be processed and the logical

designation of ENDF data tape to be read.** When GAMMA finds

a desired element on the ENDF tape it passes control over to GELEM.

GELEM

This routine called by GAMMA reads in the total, coherent

scattering, and incoherent scattering cross sections. Other

reactions are bypassed.

GELEM modifies the total cross section by subtracting out

the coherent scattering cross section, since the latter process

is not presently treated by the SAM-F and SAM-A codes.

GELEM controls the creation of the output data tape (GEDT)

on unit 16.

LINEAR

This routine adds points to the totaL cross section vs.

energy table so that linear interpolation may be used at all

times between data points.

SEEK

This routine locates the position of a given variable in

a monotonically incrcasing array.

TERPI

This routine is used for interpolation.

See second footnote, p.15.

** GAMMA may read gamma ray cross section data from the ENDF
neutron cross section and carima ray production tape (unit 10),
from a separate tape containing only gamma ray cross sections
(unit 13), or from thc card reader (unit 5).



2.4.5 BCDEAN (OVER50)*

BCDEAN is the controlling program of the two way EDT converter,

the fifth primary overlay of SAM-X. It controls the calls to the

processing subroutines, which perforn. all the calculational and

I/O functions. The choice of conversion mode is governed by the

sign of the problem vector ISTART (see Section 2.5.7).

BCDBIN

This routine is called by BCDEAN to perform the

BCD-to-binary conversion.

BINBCD

This routine is called by BCDEAN to perform the

binary-t-.-BCD conversion. The structure of the BCD EDT,

as produced by BCDEAN, is given in Appendix N.

CLEAN

This routine is called by BCDEAN to remove all

ampersands, which may have been introduced during

binary-to-BCD conversion.

SSee second footnote, p, 15.



2.5 Input Description

2.5.1 Default Options

Great care has been taken to make the input to SAM-X as

convenient as possible for the user.

Although SAM-X is an extremely complex code, which is able

to treat a multitude of ENDF options for the presentation of data,

the amount of input, necessary to run the code, has been success-

fully limited to just a few cards.

This was accomplished by reducing much of the input data to

½iank entries (i.e., default modes) which aliow SAM-X to set many

key parameters internally. Although these default modes may be

overridden, the authors highly recommend that beginners make

extensive use of the default option capabilities of the code.

The following cards are entered as input to SAM-X. (Before

preparing input, the user should read Section 2.6 - Notes to the

User.) Except for the initial card, which must be included for

every execution of SAM-X, all the cards have been grouped, for

clarity, into five sections, corresponding to the five component

processors NUTRON, PEND, WEED,GAMMA, and BCDEAN respectively.

2.5.2 SAM-X (Main Overlay) Input

The input for a given execution of SAM-X comprises a single

contiguous package. For example (in the input card which follows),

if the execution of PEND and WEED is desired: set IA=2, IB=3 on Initial

Card; omit all cards described in NUTRON, GAMMA, and BCDEAN InDut,

and include all cards for ?END and WEED.
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Initial Card (311)

Item Column Variable Description

1 1 IA Designates execution entry point at
NUTRON, PEND, WEED, GAMMA or BCDEAN by
the values 1, 2, 3, 4 or 5 respectively.

2 2 IB Designates execution termination after
NUTRON, PEND, WEED, or GAMMA by the
values 1, 2, 3, or 4 respectively.*

3 3 IC Control variable for BCDEAN.
IC=O (or blank) will suppress BCDEAN
IC=l will activate BCDEAN in either mode
depending upon IA:

a) if IA=5 DCDEAN will execute
BCD-to-binary

b) if IA<5 BCDEAN will execute
binary-to-BCD

NOTE: for IC=l and IA<5, BCDEAN will perform
its processing following each step of the
SAM-X execution. Hence, the input to BCDEAN,
which remains unaltered, must be inserted
between the appropriate inputs for NUTRON,
PEND, WEED and GAMMA.

2.5.3 NUTRON INPUT

If IA=1 (as specified on Initial Card) processing begins

with NUTRON, the neutron element data processor. Processing is

controlled by the input cards described in this section.

* Ii IA=5, the value of IB is ignored, i.e. execution is terminated
after the BCD-to-binary conversion is completed (note description
of IC).



Card #1 (4110)

Item Column Variable Description

1 l-0 NDEF Default- values flag. If zero (or blank):
omit remainder of Card #1, except for
MTEST, give Card #2, omit Cards 03 and
#4, give Card #5, omit Card #6 (omitted
variables will assume the default values
specified below). A non-zero entry for
NDEF requires irclusia of Cards #1
through #6.

2 11-20 NUMWD Number of words in the energy and cross
section tables that are stored in memory
before being written on tape. (A blank
entry yields default value = 2000.)

3 21-30 MTEST For MT<MTEST,* printing of input cross
sections for that MT value in REDTAB1
will be suppressed. (Default of zero
will generate extra printout.)

4 31-40 JUNIN Specifies method for obtaining the
average unresolved resonance cross sec-
tion. If JUNIN=2, the code utilizes the
Gaussian quadrature method, JUNIN=I
specifies the method of MC2 . (A blank
entry yields a default value of JUNIN=2.)

Card #2 (10A6)

Item Columns Variable Description

1 1-60 TITLE Hollerith description of the NUTRON
problem, pri.'ted at the top of each
output page (in NUTRON execution).

Card #3 (2E10.3) Omit for NDEF=0

Item Columns Variable Descript!on

1 1-10 ELO Lower energy bound (ev) of the range
on which cross sections are to be
generated. (A blank yields default
= 1.E-3).

2 11-20 EUP Upper bound (ev) of the range on which
cross sections are to be generated. (A
blank yields default = 1.5E+7).

* If 901'MTESTS999, scattered energy distribution printing is also
suppressed. If MTESTŽ.l000, scattered energy distribution and
output cross section printing are both also suppressed.



Card #4 (I10) Omit for NDEF=0

Item Columns Variable Description

1 1-10 IMULT Control word which, if entered as 0,
indicates that fission cross section
is to be calculated. Oth'erwise, multi-
plicitv is to be calculattd. Generation
of NEDT for SAM-F requices that IMULT#O
(multiplicity optioin required).

Card #5 (7E10.3)

Item Columns Variable Description

1 1-10 ZAP Identifie4 for desired material. appearing
on the ENDF tape; equal to !000XZ4A for
an isotope of a-omic number Z, atomic
weight A; e.g., 92238.0 for U2 3 8 ; equal
to 100OxZ fcr the naturally occurring
mixture o* isotopes.

2 11-20 TFAM Temperature in IK for use in Dznppler
broadening rebolved resonance cross
sections. (A blank yields iefault = 293.).

3 21-30 WIDTHS Numb•r ot total widths withir which
resonavnces contribute to the cross
svction at a criven energy. (A blank
yields default = 1000.11

4 31-40 EPSI Value of convkergence criterion used in
establislu.ent of tbe energy mesh in
resolved resonance range at lower bound
of range, (A blank yields default = 0.05.)

5 41-50 EPSJ 'ralue of convergernce criterion used in
establisnn•- cn t enoery mesh in tae
resolved resonance ranqe at upper boulnd
of range. (A tDlnk yields default - 0.15.)

6 51-60 DELU Lethargy width desired for qrcups in
unresolved rescnance ran qe. (A blank
yields default - 0.03ý)

7 61-70 ECONT Lowest energy, in ev, at which secondary
energy data for the continuul., nre I"iven
on the ENDF data rape fcor re&ction t':pes
treated as nonelast:c conrtinuua, by NUTRON.
Entr•y is requirei orly it this lowest
energy o&curs for a xtsactlron type other
than rhe fir.si nonelsi-ic- ntijauum
Lype read, if Io,4est enercg appears
We, Ihe tirrt t&ma eith , ze~o cross

section, the seýcnd timne with a noizero
crcss section, vCONT Eou• d be a v•.ue
of; enecgy siizhtly higher iha:n the
lowest energy.
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Card #6 (2110, El0.3, 3110) Omit for NDEF=0.

Item Columns Variable Description

1 1-10 MTABLO Reaction type (value of MT) whose File 3
data determine the energy mesh below the
resonance range. If no resonance range
exists. MTABLO determines the energy
mesh below the energy break'pOtht, ENI,
(see third entry of the card). Exclude

MT=51 through 91. (A blank yields
default = 102.)

11-20 MTABbP Reaction type (MT) whose File 3 data
determine the energy mesh above the
resonance range. Exclude MT=51 through
91. (A blank yields default = 2.)

*

3 21-30 ENl Energy, in ev, which serves as the
break-point below which MTABLO deter-
mines the output energy mesh, and
above which MTAPUP determines the
mesh, if no resonance parameters are
given on the ENDF tape. (A blank
yields default = ELO as specified
on Card #3.)

4 31-40 LCHM A flag, utilized in FXLE 4. If entry
is <1, x-tables for anisotropic elastic
scattering will be established on the
output energy mesh; if entry is 21,
x-tables will be established on the
input energy mesh, provided the number
of input mesh points is less than the
number of output mesh points; (other-
wise, output mesh is used). If NDEF=O
LCHM is internally set=ll.

5 41-50 LENM Number of entries desired, at each
output energy in the equiprobable
scattered-energy table, for inelastic
scattering. (A blark yields default
= 11).

51-60 INTEST Control word which, if entered as 0,
indicates use of test on the absorption
cross section in establishment of energy
mesh in resolved resonance range. If
entered as rnonzero, test made on total
cross section. Note, however, that if
NEDEF=0 (see Card #3), INTEST is set to I.



Card #7 (215)

The following card i3i read by IOFIL4. A blank card will estab-

lish default criteria for computation of angular distribution chi

tables,

Item Columns Variable Description

1 1-5 LADHOC Maximum number of chis to be computed
(default value - 30).

2 6-10 L Number of moments to be computed
(default value = 3)

Card #8 (10F8.3)

This card must be omitted if Card #7 is blank (default values

desired). Otherwise, this card is repeated until L entries (as

specified on Card #7) have been read.

Item Columns Variable Description

1 1-8 EPS(l) Maximum allowed deviation in first
moment (default value = 0.02)

2 9-16 EPS(2) Maximum allowed deviation in second
moment (default value = 0.02)

3 17-24 EPS(3) Maximum allowed deviation in third
moment (default value = 0.02)

4 25-32 ePS(4) Maximum allowed deviation in fourth
moment

10 72-80 EPS(10) ,aximum allowed deviation in tenth
moment.

Card #9 (E12.4)

This card must be omitted Jf C-rd #7 is blank (default 'alue

desired).

Item Columns Variable Description

1 1-12 tiLPHA a-criterion (see discussion in Section
2.3.3).

(default value = 0.5).



Card #10 (Li)

This card is normally left blank (debug printout suppressed).

Item Columns Variable Descrijption

1 1 DEBUG A T punched in column 1 produces debug
printout; an F (or blank) suppresses
debug printout.

if BCDEAN is being invoked, in the binary-to-BCD
mode, enter BCDEAN input (Section 2.5.7) here.

2.5.4 ?E"D INPUT

The Cetails of user supplied PEND input are elaborated in

Section 2.4.2.

Card #1 (20A4)

Item Colunis Variable Description

1 1-80 TITLE Hol°lerith description of the PEND
problem.

Card #2 (21:0)

Item Coluxnns Variabie Descri• tion

I i-I0 IDN Fixed point identifier for desired
material (see analogous floating point
description for ZAP, NUTRON Card #5).

2 11-120 ISTART (See di.scussion in description of
CARDIN•, the first routine of Section
2.4.2.1 A blank entry (default option)
_niplies normal start.

I0



Card #3 (1015)

Item Columns Variable Description

1 1-3 ISCAN(l) 7(See discussion in deszription of
2 6-10 ISCAN(2) CARDIN, the first routine of Section

: "2.4.2.) A blank card (default option)
10 46-50 ISCAN(10) implies normal execution.

"Card #4 (15)

Item Columns Variable Description

1 1-5 MIDE Number of photons discreti .ed from
continuous photon disti'ib,.;tons. A
blank entry (default oýtion yields
a default set as desc'::ed .n des-
cription of CARDIN ro:tine, the first
routine of Section 2.4.?.

Card #5 (6E12.4)

This card must be omitted if Card #4 is blank (which estab-

lishes a default set of discretized photons and integration "bins").

Otherwise, for O<MIDE.699, MIDE photon energies may be specified

(repeating the foramt of Card #5 for j(MIDE-1)/6] +1 cards) followed

by the corresponding (MIDE+l) integration bin specifications

(repeating the format of Card #5 for MIDE/6+I1 czrds).

Cards #6,7,8

The next three cards for PEND input are identical to Cards

7-9 of NUTRON.

If BCDEAN is being invoked in the binary-to-BCD
mode, enter BCDEAN input (Section 2.5.7) here.



2.5.5 WEED INPUT

The details of user supplied WEED input are elaborated in

Section 2.4.3.

Card #1 (20A4)

Item Columns Variable Description

1 1-80 TITLE Hollerith description of the WEED
*, problem.

Card #2 (E10.3, 515)

Item Columns Variable Description

1 1-10 FACTOR Weeding criterion (ignored if IN=2).
A blank entry yields default = 0.05
(i.e.,"standard 5% weeding").

2 11-15 IN Weeding/bin. ing mode flag. IN=1
implies weeding only, IN=2, binning
only; any other value yields both
modes. Default mode is a blank entry,

16-20 IDN Material identifier (same as item 1,
Card #2 for PEND).

4 21-25 ISCAN(l)) (See discussion in Section 2.4.3.)
5 26-30 ISCAN(2)' Blank entries (default option) yield
6 31-35 ISCAN(3) normal execution.

Card #3 (ElU.3, I5)

This card is necessary only if IN#l.

Item Columns Variable Description

1 1-10 FAC Binning criterion (usually set = 0.04).

2 11-15 MEMAX GPDT length criterion. A blank yields
default = 2040.

If BCDEAN is being invoked in the binary-to-BCD

mode, enter 3CDEAN input (Section 2.5.7) here.

105



2.5.6 GAMMA Input*

Card #1 (3110)

Item Columns Variable Description

1 1-10 NUMELM Number of elenents to be processed.

2 11-20 N File containing ENDF data:

=5 for card reader;
=10 for tape containing neutron and;

gamma ray production data also;
=11 for tape containing only photon data;
A blank yields default=ll.

3 21-30 IDBUG =0 do not display the generated GEDT;
=1 do displa.- the generated GEDT.

Card Set #2 (7E10.3)

These cards give the elements to be processed. There are

seven entries per card with a total of NUMELM entries. Each element

is identified as a floating point number equal to 10OOxZ+A (where

Z is the atomic number; A the atomic weight) for a single isotope,

or l0OOxZ for a naturally occurring mixture of isotopes.

If the ENDF data are being read in by the card reader, such

data now follows Card Set #2. Be sure to include one initial

card which corresponds to che "header" card of an ENDF tape.

If BCDEAN is being invoked ir' the binary-to-BCD
mode, enter BCDEAN input (Section 2.5.7) here.

• Please see important "Note to .he User" on the
following P?.



Note to the User

It is important to note that coherent scattering is presently

not treated by SAM-F or SAM-A. Hence incoherent scattering is the

only scattering process considered and the total cross section is

adjusted accordingly. Klein-Nishina formulation is used for the

scattering. The present treatment of scattering, which will be

upgraded to treat coherent scattering in the immediate future,

becomes increasingly poor as it approaches the X-ray region. Hence,

SAM-CE is presently not applicable to most X-ray studies.



- . .... - ... . • - ... -

2.5.7 BCDEAN Input

Card #1 (U3)

Item Columns Variable Description

1 1-3 ISTART Problem vector, whoLe magnitude is
the number of materials to be converted,
and whose sign indicates direction of
conversion:

-1, binary-to-BCD; al, BCDI-to-binary.

The remaining cards are repeated, in groups, for each of the

SISTARTI materials.

Card #2 (215,lX,I4)

Item C 3lumns Variable Description

1 1-5 ID Fixed poipt element identifier, equal
to ZZAAAo

2 6-10 IT For ISTART=-l only: Number of descrip-
tive text cards to be appended to BCD
version of the EDT. IT>l.
(Leave blank for ISTART5l)

3 12-15 MAT Arbitrary materia2 identifier (intended
to correspond to ENDF MAT#). May be
left blank if any MAT# for a given ID
will suffice,

The next card is repeated IT times, provided ISTART =-l.

Otherwise, it is omitted,

Card #3 (17A4, A2)

Item Columns Variable Description

1 1-70 TITLE Descriptive text to be appended to BCD
version of the EDT.



2.6 No,,es to the User

1. Core storage limitations require that generated data tables

be dumped on tape after NUMWD words have been stored in memory.

Generally NUMWD is eiiLered as 2000 but can be increased to

5000 if File 3 data table for all reaction types is small

(-200 entries). An excessively small value of NUMWD will

result in greatly increased tape handling time in the code.

2. Input quantities TEMP, WIDTHS, EPSJ are used by NUTRON only

if resonance parameter data are given on the ENDF tape. If

such is the case, note that temperature dependence for the

resolved resonance range only is treated. Generally, WIDTHS

is entered as 1000. The convergence criterion varies logarith-

mically with energy in the resolved resonance range, from EPSI

at the lower bound to EPSJ at the upper bound. EPSI is

generally entered as 0.05 and EPSJ as 0.15, in order to keep

running time reasonable.

3. Even if no resonance parameter data are given, EPSI is the

accuracy within which generated cross sections vary linearly

with euergy.

4. To establish values for MTABLO and MTABUP, the user should

examine the File 3 data to determine reaction types for

which the most detailed descritrtion is given below and above

the prescribed resonance range. If no resonance range is

defined, one should examine cross section variation at low

and high energies (ano thus determine ENI) Cenerally,

MTABL)=I02 (captu"eý, KPAHr MTA}12V -2 (eLastic, scattering)



Note that the inelastic partials (MT=-51,52,...,91) must not

be entered for either MTABLO or MTABUP.

5. Experience in using NUTROK has indicated the default criteria

for computing angular distribution chi tables to be entirely

adequate for most applications. Hence a blank for Card #7,

omission of Cards -8 and #9, and a blank for Card #10 is

suggested.

6. Due to voluminous printout, processing has been restricted

to one material per execution (except for program GAMMA).

7. The interdependence of NUTRON, PEND, WEED, GAMMA, and BCDEAN

is such that the NEDT (for a given material) produced by

NUTRON is required input for PEND; the GPDT (for a given

material) produced by PEND (or a previous execution of WEED)

is required input for WEED; a GEDT is produced independently

by GAMMA; and a BCD EDT, produced by BCDEAN, requires a

binary EDT from one (or more) of the first four processors.

Hence, although execution of SAM-X may begin with NUTRON,

PEND, WEED, GAMMA, or BCDEAN as specified on the Initial Card,

the input tape prerequisites must be satisfied (see Section 2.7

for specific tape assignments).

2.7 Tape (File[ Utilization

NUTRON

Logical Unit Description

5 Standard card input.

6 Standard printed output.

10 ENDF input.

13 Neutron element data tape (NEDT)
generated from ENDF.

9,11,12,14,15, Scratch files (unit 12 is equiva-
16,17 lenced to unit 9).



PEND

Logical Unit Description

5 Standard card input.

6 Standard printed output.

10 ENDF input.

- 13 NEDT generated by NUTRON (required
input).

14 Restart tape.

11 Auxiliary restart tape.

15 Gamma production data tape (GPDT)
generated from ENDF.

12 Scratch file.

WEED

Logical Unit Description

5 Standard card input.

6 Standard printed output.

15 GPDT generated by PEND, or by a previous
execution of WEED (required input).

9 GPDT generated in current execution
of WEED.

GAMMA

Logical Unit Description

5 Standard card input.

6 Standard printed output.

10 ENDF input (if same tape as for
NUTRON or PEND).

11 ENDF input (if separate gamma ray
cross section data tape).

16 Gamma ray cross section element data
tape (GEDT) generated from ENCF.
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BCDEAN

Logical Unit Description

(binary-to-BCD mode)

4 Output EDT; BCD format
5 standard card input
6 Standard printed output
9 Input GPDT (from WEED); binary

13 Input NEDT; binary
15 Input GPDT (from PEND); binary
16 Input GEDT; binary
17 Intermediate (Scratch) BCD EDT*

(BCD-to-binary mode)

4 Output EDT; binary
5 Standard card input
6 Standard printed output

13 Input EDT; BCD format

(Note that the stand-alone nature of the BCD-to-binary
mode of execution allows the apparently conflicting
designation of logical unit 13.)

2.8 Variable Core Size Requirement for the SAM-X Program

The user has the option of easily varying the size of blank

common in SAM-X. This enables the processing of elements with

inordinate memory requirements, such as iron.

The size of blank common is specified in the MAIN program

(SAMX) as follows:

COMMON LENTAB,TAB(20000)

LENTAB=20000

In order to respecify, MAIN should be recompiled with the above

2 cards altered appropriately. For example, for iron, MAT 4180,

* When a CDC machine is used for binary-to-BCD conversion, this
intermediate BCD EDT will contain ampersands in positive ex-
ponents of E format data. These are incompatible with IBM, and
are replaced by blanks on the oitput BCD EDT (logical unit 4).
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MOD.2 'DNA) , 40,000 is used.

The variable LENTAB specifies the size of NUTRON (OVER10)

only. In PEND (OVER20) and WEED (OVER30) the size of the TAB

array is specified through the variables NP and NW, respectively,

which are set to 20000 in the official version of the code. These

variables are set in MAIN and are conveyed via labeled common PEW.

113



SECTION 3 - PROGRAM SAM-F

3.1 IGeneral Description of the SAM-F Program

SAM-F is a FORTRAN program, which calculates, by the forward

Monte Carlo method, the time-dependent transport of neutroni' or

0 • gamma rays through matter. It is a code with an overlay structure;

consisting of a small driver (main overlaA" and five primary

. overlays. These primary overlays and the functions which they

perform are as follows:

Primary Overlay 1 (AGEOM) processes the geometry
input data.

Primary Overlay 2 (ADATA) processes cross section
and all other input data.

Primary Overlay 3 (ASORTT) presorts neutron inter-
action and secondary gamna ray production data
(secondary problems only).

Primary Overlay 4 (AMONTE) performs the Monte Carlo
transpor'. calculations.

Primary Overlay 5 (AMOUT) edits the results.

Basically, the program requires as input a geometry specifi-

cation, the elemental composition of each region, and a specifica-

tion of the location and time-energy-angular distribution of the

radiation source. The program selects individual primary source

particles either internally from a given source distribution or

from a previously generated externaly souirce tape. Secondary

source particles are generated internally from an external "inter-

action tape" (see below), usually produced by a precursor primary

particle calculation.

The program then tracks the perticles through a series of

interactions within the geometry until such time as the particle

history is terminated. The tracking of a particle can be termin-

ated for any of the following reasons:

Preceding page blank
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1. The energy of the particle after an interaction falls

below a specified "cutoff energy."

2. The elapsed time spent by -:he particle traversing the

geometry exceeds a specified "catoff time."

3. Tle particle escapes from the geometry (crosses an

external boundary).

4. The particle is "Killed." (This procedure will be

explained in Section 3.2.10 which deals with the

importance sampling techniques employed in thf- program.)

For each user-designated scoring region, traversed by

a given particle, the code computes the number flux per second

per electron-volt(ev) in energy and time bins. The flux contri-

bution fc7 a given particle is defined as its expected total

path le;igth* contribution in a region divided by the volume of

the region. Individual particle flux contributions are accumau-

lated so that the end result 9f the tracking process is the total

flux in each region in a specified group of energy and time bins.

(At the user's option the problem can be made time independent.)

The code has the additional capability of being able to compute

fluxes at specified points within the geometry. The technique

incorporated into SAM-F employs a procedure which not only

provides a bounded variance of all results, but a bounded esti-

*The "expected total path length" of a particle entezing a
rec)i.on ot lInjgth S, and total cross section - is:

-e
J I

-5 (fo0 Emall 1,S1



mator as well.* This represents a major advance in the state-

of-the-art of Monte Carlo calculations and is described, in more

detail, below.

The above description of the SAM-F program is, of course,

a very simplified view of the computational procedure. The following

a sections provide detailed descriptions of each part of the compu-

tation.

3.2 Detailed Descriptions of the SAM-F Program

In this section detailed (though, in general, nonmathematical)

descriptions of the SAM-F code are presented. These descriptions

are sufficiently complete so that the general user may then pro-

ceed to Section 3.4, which contains the descriptions of the input

and output. However, those desiring more background knowledge of

SAM-F, as well as some mathematical analysis, may wish to read

Section 3.3 also.

3.2.1 Mathematical Model of the Ccnfi uration-Combinatorial
Geometr.

In order to perform computer studies concerning a complex

three-dimensional object one must first be able to prepare a math-

ematical model of the object, and its environment. The Combina-

torial Geometry technique, used by SAM-F, has been developed to

permit a model to be pruaioced which is both accurate and suitable

for ray tracing. (Nuclear radiation analysis by Monte Carlo involves

the tracing of rays through geometrical models.)

In effect, the ýeometric description subdivides the problem

space into unique regions. This is ;chieved through the use of

•Tnat -is, infin.;Oits (:'poles", caused by the usual inverseo-
,s-uaAe estimation:; to a point detector, are completely ]



ten specific geometric bodies (interiors of closed convex surfaces)

and the orderly identifi:a-ion of the combination of those bodies

,,hich define a region (space volume). The bodies, which will be

discussed further below (Section 3.2.1.2), are as follows:

1. Rectangular Parallelepiped

2. Box

3. Sphere

4. Right Circular Cylin-der

5. Right Elliptical Cylinder

6. Truncated Right Angle Cone

7. Ellipsoid of Revolution

8. Right Angle Wedge

9. Arbitrary Convex Polyhedron of four, five or six
sides (each side having three or four vertices).

10; Truncated Elliptical Cone,

Except for rectangular parallelepipeds, all bodies may be arbi-

trarily oriented with respect to the x, y, z coordinate axes used

to determinc the space. (The sides of a rectangular parallelepiped

must be parallel to the coordinate axes.)

3.2.1.1 RL on Descri tiorn Technlque

The basic technique for the description of the geometry con-

sists of defininc the location and shape of the various physical

regions (wall, equipment, -tc.) in terms of the intersections and

untions of th: volumes contained in a set of simple bodies. A

specia] operator notation in-olvinq the symbols (+), (-), and (OR)

is ured :o -escribe the intersections a&.-d -iions. These symbols

art, se:y the oroqram to uofostruct tables used in the ray-

tracing '.roior of the problem.



If a body appears in a region descripticn with a (+) opera-

tor, it means that the region being described is wholly contained

in the body.

If a body appears in a region description with a (-) operator,

it means that the region being described is wholly outside the body.

The (OR) operator is used to form regions as unions of sub-

regions, where each subregion is defined in terms of one or more

bodies, using (+) or (-) as described above. Then a point is in

the region if it is in any subregion.

The technique of describing a physical region is best illus-

trated by an example. Consider an object composed of a sphere

into which is inserted a c:ylind•. This is shown in cross section

in Figure 3.1(a).

To describe the object, we take a spherical body penetrated

by a cylindrical body (Figure 3.1(b)). Each body is numbered.

Consider thez sphere as body No. 1 and cylinder as body No. 2. If

the materials in t'ie sphere and cylinder are the same, then they

can be considered as one physical region, say region A (figure

3.1(c)).

The description of region A would be:

A = (OR 1) (OR 2).

This means that a point is in region A it it is either inside

the subregion defined by oody 1 alone or the subregion defined

by body 2 alone.

If different mdterials are used in the sphere ard cylinder,

tnen the sphere with a cylindrical hole in it would be given a

different region iuieitatiur tsav B! rroum thaýt of the inCer .



(a) (b)

Body 1

E - Body 2

(c) (d)

B Body 1

, • Body2

(e)

4-- Body 2

3.• - Regions Produced by Tntersections and Unions of
Sphere and Cylinder
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The description of region B would be (Figure 3.1(d)):

B = (+1) (-2)

This means that points in region B are all those points inside

body 1 which are not inside body 2.

The description of region C is simple (Figure 3.1(e)):

C = (+2).

That is, all points in region C lie inside body 2.

This technique, of course, can be applied to combinations of

more than two bodies and such region descriptions could conceivably

contain a long string of (+), (-) and (OR) operators. The impor-

tant thing to remember is that every spatial point in the geometry

must be located in one and only one region. Further examples are

given in Section 3.2.1.3.

The user of the program will specify the geometry by estab-

lishing two tables. The first table will describe the type and

location of the set of bodies used in the geometrical description.

The second table will identify the physical region in terms of

these bodies. The computer program processes these tables to put

the data in the form requi-ed for ray tracing. All of the space

must be divided into regions, and, as noted above, no point may be in

more than one region.

3.2.1.2 Description of Input Parameters

The information required to specify each type of body is as

follows
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i. Rectangular Para lelepiped (RPP)

These bodies must have bounding surfaces parallel

to the coordinate axes. Tracking in an RPP is consider-

ably faster than tracking in a box (see next body).

Specify the maximum and minimum values of the x, y,

and z coordinates which bound the parallelepiped.

2. Box (BOX)

Unlike a rectangular parallelepiped the surfaces of a

box need not be parallel to the coordinate axes. However,

tracking in a box is slower. A box should be used only

when use of a rectangular parallelepiped is not possible.
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Specify the vertex V at one of the corners by

giving its (x,y,z) coordinates. Specify a set of three

mutually perpendicular vectors, Hi, representing the

height, width, and length of the box, respectively.

3. Sphere (SPH)

4,

Specify the vertex V at the center and the scalar,

R, denoting the radius.

12

12



4. Right Circular Cylinder (RCC)

Specify the vertex V at the center of one base, a

height vector, H, expressed in terms of its x, y, and z

components, and a scalar, R, denoting the base radius.

I?

V (V', VS)

5. Right Elliptical Cylinder (REC)

Specify coordinates, V, of the center of the base

ellipse, a height vector, H, and two vectors, R1 and R2 , in

the plane of the base defining the major and minor axes.
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6. Truncated Right Angle Cone (TRC)

Specify a vertex V at the center of the lower base,

the height vector, H, expressed in terms of its x, y, z

components, and two scalars, R1 and R2' denoting the

radii of the lower and upper bases.

7. Ellipsoid (ELL)

Specify two vertices, Vi, denoting the coordinates

of the foci and a scalar, L, denoting the length of the

major axis.
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8. Right Angle Wedge (RAW or WED)*

Same input as for the boxes. However, H1 and H2

describe the two legs of the right triangle of the wedge.

H

Both the "RAW" and "WED" designations are acceptable
as specification of the right angle wedge.

9. Arbitrary Polyhedron (ARB)

Assign an ordinal number (1 to 8) to each vertex, V.

For each vertex, give the x, y, z coordinates. For

each side of the figure list the ordinal vertex numbers.

The required ordering sequence of the vertices and the sides

is given in the input section of the manual, Section 3.4.1.

Vz

VV
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Si0. Truncated Elliptical Cone (TEC)

Specify the coordinates of the vertex V

at the center of the laraer ellipse; the

x, y, and z components of height vector H;

the components of normal vector, N, directed

inward at V; the components of direction

vector, A, along major axis; the semi-major

and semi-minor axes of larger ellipse, R1

and R2 , respectively; the ratio, P, of the

larger to the smaller ellipse axis. Note

that direction vectors N and A are normal-

ized internally (after input printout).

P

1 2
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3.2.1.3 Examples of Region Descriptions

Some representative geometries and their input descriptions

are shown below.

Example 1 - Two Spheres Within an RPP (See Figure 3.2)

The body input table is shown below.

TABLE I - BODY INPUT DESCRIPTION

Body Type of Data Required

1 List the six bounding coordinate values

(Xmin' Xmax' Ymin' Ymax' Zmin, z max

2 List the vertex and radius of sphere 2

3 List the vertex and radius of sphere 3

One possible region input table is shown below.

TABLE II - REGION DESCRIPTION

Region Input

A +1 -2 -3 (Region A is composed of all

points interior to RPP No. 1 and exterior to

spheres 2 and 3)

B +3 -2 (Region B is composed of all points

interior to sphere 3 and exterior to sphere 2)

C +2 +3 (Region C is composed of all points

which are in sphere 2 and are also in sphere 3)

D +2 -3 (Region D is composed of all points

interior to sphere % and exterior to sphere 3)

E OR 2 OR 3 (If desired, one region, the total

of regions B , C and D can be defined as

region E



II

A
<-- RPP 1

SPH 2

Fig. 3.2 - Regions Produced by Inter3ections and Unions
of Two Spheres
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Example 2 - Cylinder Divided into Two Reaions by a Box and with a
SPhere at One EnR (See FilTr-e 3.3)

TABLE I - BODY INPUT DESCRIPTION

22d Type of Data Required

1 List the six bounding coordinates of the RPP

2 List the vertex, radius, and height vector

of cylinder

3 List center and radius of sphere

4 List coordinates of one corner and components

of three veztors representing sides of box.

The region input is as follows.

TABLE II - REGION DESCRIPTION

A +L -2 -3 (All points interio- to the RPP

and exterior to the cylinder and sphere. Note

that region A includes all of the space _on-

tained inside body 4, except that portion inside

cylinder 2. This space can be assigned a special

region number, if desired. If, as in this exam-

ple, it is not desired, it is not necessary.)

B +2 -4 (All points interior to the cylinder,

and outside the box.)

C +3 -2 (All points interior to the sphere and

external to -he cylinder.)

D +2 +4 (All points interior to the cylinder and

also inside the box.)
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r
Fig. 3.3 Regions Produced by Intersections and Unions

of Sphere, Circular Cylinder, and Box



Example 3 - Multiple Regio,. Capability - Cylinder Containing

Two Spheres, AlV Inside an RPP (See Figure 3.4a)

TABLE I - BODY INPUT DESCRIPTION

SB~o_ Type of Data Required

1 RPP input

2 Cylinder input

3 Sphere input

4 Sphere input

TABLE II - REGION DESCRIPTION

Region Input

A -1 -2

B OR 3 OR 4 (All points interior to Body 3 or
Body 4)

C +2 -3 -4 (All points in the cylinder but not
in the spheres.)

A

SPH 3

C RCC 2

LB

SPH 4

Figure 3.4a - Example of Physical Region Produced
from Unconnected Regions Using "OR" Statement.
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Example 4 - More Lomplicated Use of the (OR) Statement

'See Fiure 3.4b)

As a more complicated example of the use of the (OR) operator,

consider the Eystem in Fig. 3.4b consisting of the shaded region,

A, and the unshaded region, B. These regions can be described by

the two boxes, BOXl and BOX3, and the sphere, SPH2.

TABLE I - BODY INPUT DESCRIPTION

Body Type of Data Require

1 Box input

2 Sphere input

3 Box input

TABLE II - REGION DESCRIPTION

Region Input

A +1 +2

B OR +3-1 OR +3-2

Note that the OR operator refers to all following body numbers

until the next OR operator is reached. Hence the implied descrip-

tion of region B is OR(+3-1) OR(+3-2)

FB -SPH2

A I
BOX O 3

L

1'ag. 3.4b - More Compljcatpd e:,amph: of

the OR operator.



Example 5 - Combinatorial Geometry Example Employing

all Allowed Body Types*

The final example, Shown in Figure 3.4c, ray also be used

as a check of the entire Combinatorial Geometry package. (A

complete card image description is given as Appendix P).

TABLE I - BODY INPUT DESCRIPTION

BODY TYPE OF DATA REQUIRED

1 RPP RPP input

2 BOX box input

3 TRC truncated right cone input

4 REC right elliptical cylinder input

5 ARB ARB input

6 RAW wedge input

7 RCC right circular cylinder input

8 ELL ellipsoid input

9 SPH sphere input

10 TEC TEC input

* Based upon a suggestion of D. DeLapp, McDonnell-Douglas
Astronautics Corporation.
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TABLE II - REGION DESCRIPTION

(region numbers are circled on Figure 3.4c for cl&rity)

REGION INPUT

1 +1 -2

2* +2 -3 -4 -5 -6

3 OR +3 -5 -6 -10 OR +4

4** +5 -6 -7

5 +6

6 +7 -8 -9

7 +9 -8

8 +9 -8

9 +8 +9

10 +10

* Bodies 5 and 6 project outside body 3 in the X-Y plane

(6ee Appendix P)

** Bodies 5 and 6 buttress each other. The negation of

body 6 here eliminates possibility of machine round

off error. Negation might not be necessary on CDC

machines.
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3.2.1.4 Automatic Checking of Combinatorial Geometry Input

Although Combinatorial Geometry is relatively simple to em-

ploy, user-specified input errors often occur for configurations

involving many bodies and regions. Some of these input mistakes

are difficult to spot and could, in some cases, cause the compu-

tation to terminate in the midst of execution, and could also, in

other caseu, lead to completely erroneous computational results.

Hence, geometry checking routines have been added to the

Combinatorial Geometry package. These routines may be employed

by the user, as an option, to locate and flag errors in the geo-

metric specification.

Five different types of geometry checking are employed.

Each of these is described briefly, below:

1) Errors in Body Data

Simple errors in the descriptions of the individual bodies,

themselves, are located and flagged. These body checks are as

follows (refer to Section 3.2.1.2):

RPP - Xmax>Xmin, Ymax>Ymin, Zmax>Zmin

BOX - Check orthogonality of three vectors
describing the body

SPH - R>0

RCC - R>O

REC - Same as BOX

TRC - RlR 2 >0

ELL - L > distance between foci

RAW - Same as BOX

ARB - 0,3 or 4 edges found for each face
All points def,-aing a given face are co-planar
Wody is co-.iey

TEC - NjA
N!H>0
RlR 2 >0
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2) Simpie Errors in Region Descriptions

The geometry checker examines the region descriptions and

determines if references are made to non-existent bodies, It

also verifies that all bodies are referred to positively at

least once and that all bodies, except the surrounding escape

region, are referred to negatively at least once. A complete

table of all bodies and the regions in which they are referenced

is provided. Positive and negative references are distinguished.

3) Visual Displays

As a visual aid to the user, the checking routines can pro-

vide printer plots of arbitrary two dimensional cuts through the

geometry. Scales can be stretched or compacted in one of the

two dimensions. Default or user-supplied character sets may be

used for the printer plot displays.

4) Checks of Suspected Points in Space

The code will locate the region corresponding to any number

of arbitrary suspected points in space supplied by the user.

The code will flag for the user any point which lies in an un-

defined or multiply-defined region of space (see following item).

§L Undefined and Multiply-Defined geuions

Perhaps the most significant aspect of the geometry checking

is the flagging of undefined and multiply-defined regions of

space - a commton (and difficilt to locate) type of Combinatorial

Geometry input error.

As a very simple example, consider figure 3.5a which shows

a subsection of a more complex geometry, wherein Box 1 and Box 2

specify two regions, A and B, as shown. In this correct descrip-

tion, all of space bounded by the two boxes is singly defined.
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One possible type of input error is shown in figure 3.5b

wherein the overlap area remains undefined. Another type of

error is shown in fvare 3.5c wherein the overlap area has been

doubly-defined.

At the present time, the checking routines are not yet

complete. Undefined and multiply-defined regions are currently

located for all situations involving the intersection of two

bodies, both of which are composed entirely of planar surfaces.

Also, these errors are found for some situations involving both

planar and non-planar bodies. The generalized two- or three-

body intersection problem, involving all types of bodies will be

available in the Revision D package. Such coding is currently

under way.

In the meantime, as an aid to the user, the checking code

does flag all possible intersections (or buttressing) of two or

three body sets. One can use this information to check partially

for possible region definition errors.
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3.2.2 Cross Sections and Region Compositions

Generally, the user will have at his disposal an Element Data

Tape (EDT) which contains, for every isotope in the problem, a

set of energy-dependent interaction cross sections. Two cross

section data tapes, one for neutron problems, the other for

"gamma ray problems are available. (The formats of the neutron
4

and gamma ray EDTs are given in Appendices A and b, respectively.)

The user must then specify each of the material compositions

appearing in the problem. A composition must first be identified

by a composition number and by the number of nuclides it contains.

Next, the composition is defined in terms of atomic concentrations

(in units of 1024 atoms/cm3 ) of each nuclide in the composition.

These may be calculated from the expression:

Ao 10-24

where No = Avogadro's number = 0.6023 x 1024 (atoms/mole)

A = atomic weight (gms/mole)

p = mass density of nuclide in the composition (gW/cm3

This input is processed in conjunction with the EDT by the

BAND routine, which generates an Organized Data Tape (ODT). The

ODT contains all concentrations, cross sections, and scattering

data for each specified nuclide. During the tracking process this

information is used to determine:
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1. The probability that a particle has an inter-

action in a region of given composition,

2. The element with which the particle interacts,

"3. The type of interaction (absorption, elastic

scattering, etc.) occurring,

4. The energy an4 direction of the particle after

a nonabsorption interaction.

The organization of the ODT is given in Appendix C.

If the user is running a secondary gamma ray problem, using

as input an interaction tape produced by the primary neutron prob-

lem (see Section 3.2.16), a gamma ray production data tape must

also be available. Those data are used to convert neutron inter-

action events into sources of the secondary gamma rays. The format

of the gamma ray production data tape is given in Appendix D.

3.2.3 Cross Section Bands, Output Energy Supergroups and
Superbins

Often, the user is faced with a situation involving a very

complex geometry conzaining many different materials and distinct

nuclides. Under these conditions, particularly if nuclides

exhibiting many important resonances are involved, much data may

be required to describe adequately the nuclear interaction and

scattering processes. Hence, the amount of computer storage

required to describe the entire problem, may exceed that which is

available to the user.

This situation is treated by using, as options, the cross

section band, supergroup, and superbin capabilities of the code.

These options are now described. Further information is pro"ided

in Section 3.6.
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3.2.3.1 Cross Section Bands

The overall, energy range of the problem is subdivided into

smaller energy ranges, and "bands" of cross section data are gen-

erated, each containing the reduced amount of cross section data

appropriate to that range. These bands can be shuttled into and

out of core memory, one at a time, during the Monte Carlo stage

of the calculations (see below). Thus this option reduces the

amount of cross section data required by the code at any one time.

3.2.3.2 Supergroups

The supergroup option divides the entire output (i.e., final

score) energy range into smaller ranges. In the Monte Carlo cal-

culations scores are accumulated in memory in only one output

energy ran-- .3t a ime.

3.2.3.3 Superbins

The two energy meshes (bands and output supergroups) do not

necessarily coincide. SAM-F combines the two meshes into a set

of "superbins". As shown in Section 3.3.2 (discussion of AMONTE

routine) the code performs the Mcaite Carlo in one superbin at a

time, starting with the highest energy bin and working downwards.

If a tracked particle degrades to a lower energy superbin, its

parameters are stored on a disk file, and its tracking is resumed

later only after all higher energy superbins have hen completed.

By use of the superbin option, SAM-F is capa.ble of treating

the exceedingly complex situations referred to above.
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3.2.3.4 Energy Mesh Specification

The energy boundaries for the cross section bands are auto-

matically determined by the code in a manner which keeps the amount

of cross section data in each band nearly constant. (If desired,

the user may override the automatic banding opti'3n and specify the

band limits himself.)

The supergroup structure is defined by the user at the same

time that he inputs to the code the desired energy bin structure

for the final output scores. This is done by placing a aminus sign

before those output energies he wishes to des.gnate as supergroup

limits. (If this option is not desired, only the upper and lower

energy bin limits require minus signs. This instructs the code

to treat all energies as part of a single supergroup.)

3.2.4 Source Specification

The specification of the initial particle source provides the

user with several options. These options are described briefly

below.

3.2.4.1 Internally Generated Source

Spatial Distribution

Sources may be generated in any number of regions, but the

regions must be single bodies and restricted to SPH, RCC, BOX and

RPP.* For each source region the 'total power' (particle density x

volume) must be given. The user has the option of normalizing the

problem to a unit source or to the total input power density.

Note that if the user-specified number of source regions is

not greater than zero, this is a flag to the program to use an

external source tape (one which has been generated from a previous

problem or by some other means) (see Sections 3.2.4.2 and 3.2.4.3).

* If the need arises, this limitation could be readily altered.
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Angular Distribution

Sources may be either isotropic or monodirectional but the

same angular distribution must be used in all source reqions.* (It

should be noted, however, that a source may be generated in a

finite cone by specifying an isotropic distribution and using

exceedingly high, (e.g., 1010) angular weights to kill pa.ticles
**

which are generated outside the desired cone.) At the present

time, the source must be isotropic if uncollided flux-at-a-point

estimates (Section 3.2.8) are to be made.

Energy Distribution

The code has built into it the Cranberg fission neutron spec-

trum. If this option is selected, no energy spectrum input is

required. If an arbitrary spectrum is desired, the input must

contain the desired energy mesh and the integrated source above

each energy point (i.e., a table of E vs Smaxs(E)f4E is required).

Monoenergetic sources may also be specified.

Time Distribution(Time-dependent problems only)

If a time-dependent problem is to be run, the user must cupply

a table of time values and the integrat'd source up to each time

(i.e., t vs t S't)dt). As an optioh, -il zadiation may be emitted

uapo-n.eespecl ssingle value of time.

3.2.4.2 External Source

The user may supply an externally generated source tape.

Each source particle must be described by 14 parameters in the

following order:

* Angular biasing of an isotropic source is permitted, however.

"*ý-_See Seccton 3.2.10 for discus-ion of angular weights.
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3 Cartesian Coordinates (cm.) 'floating point)

3 direction cosines (floating point)

1 energy (ev) (floating point)

1 geometric regioi, number (integer)

I time (sec.) (floating point)

1 unused parameter; enter a zero here.

1 weight (floating point)

1 history number (integer)

1 extra carry along weight; enter a 1 here (floating point)

1 particle type index; enter a 1 here (integer)

These data must have been written previously, by a separate program,

on a file designated as tape 15, as a series of binary-reoerds for 35

particles at a time; i.e., (14 parameters per particle) x (35 parti-

cles/record) = 490 parameters per record.

Given the array A(14,35) the proper output statement is*

WRITE(15) ((A(I,J),I=I,14),J=I,35).

3.2.4.3 Source from Previously Generated Interaction Tape

Using a neutron interaction tape (see Section 3.2.1 ), and

gamma ray production data supplied by SAM-X, SAM-F can generate,

internally, sources of secondary gamma radiation. Note that the

into-raction tape was generated by a previous SAM-F calculation and

has a form similar to that of the external source tape of Section

3.2.4.2. (See Table 3.2, below, for a complete description.)

* Experienced programmers prefer, of course, WRITE(15) A
which is c'onsiderably faster.
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3.2.5 Output Energy Mesh

During tracking, the code stores fluxes in each region in a

set of energy output bins specified by the user. Tne number (100)

and width of these bins are arbitrary. The bin limits must be

given consecutively in the input, starting with the highest energy.

The upper and lower bin limits for all supercrroups must be preceded

by minus signs as explained in Section 3.2.3. Care should be

taken to insure that the upper energy bin limit is equal to or

greater than the highest source energy to be generated in the prob-

lem. A cutoff energy is also specified, which instructs the code

to cease tracking any particle which degrades below this energy. *

The user should be certain that the lowest energy bin limit is

lower than the akitoff' energyw.I,1 t hrqsenqej •e@Uae@ L t

bin available to storeze-vey2. Qssi le-gcm •ihe g 1 _blc

(In order to simplify matters for the user, Appendix E gives

the hierarchy table for all input energy limits and tables.)

3.2.6 Time Dependence

SAM-F enables the user to compute particle fluxes as a function

of time as well as energy and position. The user selects any de-

sired time bin structure for the problem and enters the bin limits

in consecutive order on the input forms, starting with the highest

bin. Output fluxes will be given in this bin structure in the edit.

• However, see Section 3.2.11, for discussion of the thermal
neutron option.
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The longest time, used in specifying the time bins, will be used

by the code as the time-cutoff parameter. During the tracking

process the code computes the flight time of a particle between

collision polits from its velocity (or energy). All nuclear inter-

actions are assumed to occur instantaneously. By accumulating the

flight times for each particle, the code is capable of storing

particle fluxes in the proper output time bins.

3.2.7 Scoring Regions

A scoring region is one in which a flux contribution is com-

puted for each particle which passes through it. In a nonscoring

region no such computation is made, so that the output edit provides

fluxes only in those regions aesignated in the input as scoring

regions.

In some problems it is desired to know the flux in every region

separately, in which case each region in the problem would be de-

fined as a scoring region with a different number. In some prol

lems, however, two or more regions may be completely symmetric

with respect to the source, in which case the fluxes in these sym-

metric regions could be combined without any loss of information,

and in fact, an improvement in the accuracy will be obtained. Each

of these regions then would be designated by the same scoring

region number. In still other problems it may be unnecessary to

know the fluxes in certain regions. These should then be given

scoring region number zero, which tabs them as nonscoring.
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Since fluxes are stored and printed out for scoring(reglons

only•,'t is possible-to reduce beththet&ze ,e thet-bditcdatdand

the core storage requirements by reducing the number of different

scoring regions. It should be remembered, however, that once a

problem is run it is impossible to recapture any flux information

in nonscoring regions except for the flux-related collision, ab-

sorption, degradation and time-kill densities (given for each

scoring and nonscoring region', integrated over all time and energy.

3.2.8 Flux-at-a-Point

In certain problems it may be desired to calculatc the flux

at a particular point, or points, in the geometry. Since,

during the ordinary tracking process, no particle can be expected

to pass through a given point, SAM-F incorporates a method of

estimating flux at one or more specified points.

SAM-F performs the flux-at-a-point calculations with a new

"bounded" estimator developed at MAGI. The detailed description

of this estimator is reserved for Section 3.3.2.

3.2.9 Flui-in-a-Small-Volume

In certain situations the detector is finite in extent but

yet too small for efficient use of the usual track length scoring

procedures, (,.g., experimental configurations involving counting

detectors). Providing the detector is a sphere, cylinder, or

box, the user may designate such a region as a "small volume"

detector and the code will estimate the flux in the detector.

More than one small volume detector can be treated simultaneously.

The mathematical description of the flux-in-a-small-volume

routine is reserved Lor Section 3.3.2.
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3.2.10 Importance Sampling

General

Importance sampling or "weighting" provides the user kith

a powerful method of controlling the direction and/or energy of

particles in the problem. The purpose of a particular problem,

for example, may be to calculate the fast-neutron flux in a given

region within the geometry. Under normal circumstances, the

probability of a source neutron reaching that region at high

energy may be quite small, requiring a vast number of source

neutrons to be tracked before an adequate statistical estimate

of the flux is obtained. However, with proper particle weighting

the code can be made to concentrate only on those fast neutrons

having the best chance of reaching the chosen region. Conversely,

the code will spend little time tracking neutrons which are either

traveling ir the wrong direction or are at relatively low energy.

The program determines the relative importance of a particle

from a parameter called the weight. The total weight (W) of a

particle is, in turn, determined from a combination of three quan-

tities called region weight (WR), angular weight (W Q), and energy

weight (WE), where W = WR x WS x WE. Values of WR, WO, and WE must

be supplied as input. The following briez discussion should provide

the user with a better insight into how these weights are actually

used by the code.

A quantity F is assigned to each particle. The value of F is

1.0 for a sourct- particle. The code calculates the probability

that the particle will reach the boundar, of the source region

along its flight path without collision. This value is called F".
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If

The probability that a collision takes place in the region is then

C1 1-F". The code picks a random number and with probability 1-F"

creates a collision point inside the source region at a point

picked from an exponential probability distribution. The source

particle history is not terminated but continues to the boundary

of the region. (Note that after this source particle has beena

completely tracked, the code willrreturn tq this_qlision..popnterdo

the proper collision mechanics, andstart a..nqw pag4@49 (latent).

Suppose that the source particle is leaving region 1 where

the weight is W1 and entering region 2 where the weight is W2. At

the boundary, the ratio of weights Wl/W 2 is multiplied by F" and

the particle is given a starting value of F=F" Wl/W2 in region 2.

The probability of the particle reaching the next boundary of

region 2 uncollided is calculated and multiplied by F to obtain

a new value of F". In region 2 a number of collision points approx-

imately equal to F-F" will be produced. Notice that if W2 is large

compared to Wl, the probability is high that no latents will be

produced since both F and F" will be small compared to one. In

fact, a parameter Fz is an input to the program. If F, on entry

into a new region, is lower than Fz, a random number between zero

and one is picked. If the number is greater than F the history

is terminated. If it is lower than F, the history is continued

with F set equal to one.

Thus, by establishing weight sets properly, increased numbers

of collisions can be forced to occur in important regions, and in

addition, the original source particles will continue to propagate

through the geometry.

151



Without going into detail, it can be stated that a small

value of F minimizes the number ,f kills (increases problem run-

ning time). A large value maximizes the kills (decreases running

time per history) but increases the variance of the answers,

requiring more source particles to be run. The optimum value of

Fz will generally lie in the range from 0.01 to 0.1.

In order to facilitate input preparation, the three components

of the total weight will now be discussed separately.

'Region Weights

A region weight (WR) must be specified for every region in

the problem. Ordinarily, these weights are set up so that they

gradually decrease as a particle proceeds from the source toward

a region in which the flux is desired. Weights should gradually

increase in regions which are located progressively further from

the "important" regions. On the input forms the user must specify

all vtues of WR to be used in the problem. The order in which

these values are entered determines their region weight index

(i.e., the first value of WR is assigned index 1, the second value

is assigned index 2, etc.). Then for each region, the weight index

to be used in that region must be specified.

Angular Weights

By using angular weighting, it is possible to specify pre-

ferred directions for a particle, independent of the region loca-

tion of the particle. Tr, user first specifies the direction

cosines (with respect to the coordinate axeb of the problem) of
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one or more aiming angles. These vectors serve as "zero directions"

about which angular weights will be given. Each aiming angle is

assigned an index. Next, a set of angular bins is specified be-

tween 00 and 1800, with the bin boundaries given in terms of their

cosines. Thus, if one desires to specify four bins of equal angle,

the cosines of 00, 450, 900, 1350, and 1800 should be entered.

Then, one or more sets of angular weight values are given. For

each set, a weight value (W,) is specified for each angular bin.

Each set is also assigned an index. Finally, for each region, the

aiming angle index and the angule: weight set index must be

given. To illustrate how the code uses this information, assume

that a given region has been assigned aiming angle #1 and angular

weight set #2. A particle enters the region and the code deter-

mines that the particle is traveling at an angle * with respect

to aiming angle #1. The code then determines which angular bin

encompasses 0, goes to angular weight set #2, and finds the value

of W f in that bin.

In general, as the particlE direction (angular bin) becomes

more important, the value of WQ assigned to that bin should

decrease.

Energy Weighting

The use of energy weighting enables the user to instruct the

code as to which particle energies are more important in a given

problem. A set of enei.gy bins is first given, where the bin

boundaries are listed in decreasing order. Then, one or more
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energy weight sets are specified, with each set being assigned a

number. For each set an energy weight value WE must be given for

each energy bin. The energy weight set number corresponding to

each region is then given. Assume, for example, that a particle

of energy E is in a region which has been assigned weight set #1.

The code first locates the energy bin which encompasses E, refers

to weight set #1, and determines the value of WE which was given

for that bin. In establishing the energy weights, the more

important energies should generally have smaller WE values than

the less important energies.

Application of Weights to Tracking

As noted earlier, the total particle weight is the product

of WR x WQ x WE. The particle weight is used to determine the

number of collisions that a particle will produce given that it

has R specified energy and direction in a given physical region.

By an appropriate choice of aiming angle and angular weights,

particles heading downward can be caused to have more collisions

than particles heading upward in the same region. Thus, more

computing time will be spent on the "important" downward directed

particles and their descendents than on the "less important"

upward directed particles.

Treatment of "Latent" Particles

If a collision does occur, the program calculates the energy

and direction of the particle emerging from the collision. The
*

collided particle is stored in a latent storage table and will be

* If the energy of the particle emerging from collision is below
the current "superbin" limit tSee Sect. 3.2.3), then the particle
is placed in a separate latent table (of unlimited capacity, i.e.,
tape or disk storage is used) for later processing.
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picked up and followed as though it were a source particle at a

later time. When it is started out as a real particle, it is

assigned an F value equal to the ratio of the weight of the parti-

cle before collision to Lhe weight of the particle emerging from

collision. In general, these will be different due to differences

in energy and direction of travel.

The program stores the information concerning latents in a

table which can hold up to 100 latents. Prior to storage a test

is made to see if the F of the latent eceeds the input value of

Fz. If so, it is stored. If not, a Russian roulette calculation
z

is performed, as previously discussed, and the latent is either

eliminated or has its F set equal to 1.0.

If more than 100 latents are generated by a source particle,

the program has a "squeeze" routine which reduces the number of

latents in a statistically valid way.

Although the use of importance sampling may appear to be a

rather complicated procedure, the user will generally find that

after gaining a little experience with the code the process

becomes relatively straightforward and easily applied. Certainly,

the time spent in learning how to apply properly this technique

will be well worth it in the long run, since it enables complex,

deep-penetration problems to be run in a reasonable amount of

machine time. Appendix F contains a discussion of the theory of

importance sampling with an example of how a set of weights is

established.
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3.2.11 Thermal Neutron Option

The normal procedure for neutron scattering, as implemented

in SAM-F, assumes the interacting nuclide to be at rest. The

process thus allows for energy degradation only. The degradation

process continues from birth (source energy) down to the point

where the neutron energy falls below a user-specified "Io energy

cutoff" (ECUT). At this point the particle is killed.

The thermal neutron option is invoked by entering a "thermal

energy" (ETHERM) which is slightly greater than ECUT. (Item 21 of

input - see Section 3.4.1.3). When a particle degrades by scat-

tering below ECUTC its energy is changed back to ETHERM, and:normal

transport continues at that energy. The "thermal group" problem

is therefore solved using the single velocity approximation. The

following effort is made to use effective thermal cross sections.

At input processing time, the point value cross sections at

the thermal energy ETHERM are replaced by Maxwell-averaged cross

sections.

For each "i-th" nuclide

Gi = a•'(E) 1 2e-E/T d
= L eE/ dE

where T = ETHERM.

The integration is performed using linear interpolation on

a(E) in the energy range of the element data tape (standard pro-

cedure for SAM-X output), an energy independent extrapolation to

higher energies, and an extrapolation to zero energy in the form

S+ SE-

156



I

Once the thermal neutron option has been specified by the

SV use of ETHERM (where ETHERM>ECUT), a thermal neutron diffusion'approxi-

mation option can also be invoked. This is discussed in the

following section.

3.2.12 Thermal Neutron Diffusion Approximation

If the thermal neutron option (Sect. 3.2.11) has been specified,

an additional option is available to specify the use of a thermal

neutron diffusion approximation.

As is well known, the"'--l scattering of neutrons in large

media with small absorption, produces large numbers of collisions.

In the Monte Carlo game, the exact simulation of the transport

process can thus lead to prohibitively lengthy computations.

Fortunately, in this case, the transport equation can often be

approximated by the diffusion equation.

The implementation of the diffusion approximation in SAM-F

is currently limited to a single homogeneous rectangular parallele-

piped with edges parallel to the Cartesian coordinates. The

parallelepiped can overlap, or partially overlap, any number of

regions provided tl;ey all consist of the same material composi-

tion.

If a particle degrades to thermal energy inside the "diffusion

box," the diffusion subroutine samples from internal tables and

generates either an absorption event inside the box, or an escape

through the sides of the box. If the event is an escape, the

particle is subsequently tracked by normal transport methods in

the regions outside the diffusion box.
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3.2.13 Number of Histories and Statistical Groups

The user must designate the total number of source particles

(histories) to be run in the problem. Although a greater number

of histories will improve the accuracy of the answers, it will

also increase the problem running time. The user must, therefore,

strike a balance between the tolerable errors in the answers and

the cost of running the problem. In complicated problems it is

usually wise to run a test problem of 100 to 1000 histories to

get a "feel" for whether particles are reaching the desired regions.

If they are not, the fault probably lies in incorrect importance

sampling and the weights should be adjusted. If the test problem

appears to have run "well", then the number of histories can be

in(reased by perhaps a factot of about 10. After some experience,

the user can generally determine the correct number of histories

to run in a particular problem.

In running the problem, the total number of histories is

divided into aggregates called statistical groups. This is done

in order to compute the variance (or standard deviation) of the

fluxes. All particles (and their latents) within a group are

tracked before another group is treated. Fluxes are computed and

stored on tape separately for each group. The size of the sta-

tistical group is constant in a given problem and must be specified

in the input. The use of about 20 statistical groups per problem

generally has been found to be adequate.
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3.2.14 Volume Computation

To evaluate the flux, the history-averaged track length scores

in a region are divided by the volume of the region.* Provision

!;as been made to input volumes of regions if they are known. It

often happens, however, that regions described by the Combinatorial

Geometry technique have such complex shapes that an analytic volume

computation is not practical. To determine the volume of such

regions, a routine is included to perform a ray-tracing numerical

integration calculation of the volume.

A point X within the geometry is given as input. Rays are

randomly fired isotropically from the point X and the volume of

each region is then

H 3Vi - E (R 2  R
1 3 k=1 ,k 1~

k=l

where R and R are the distances of the kth ray to the firstwhreR,k R2,kkt

and last contacts with region i. "H" is the total number of rays

fired.

The accuracy of the computation is thus dependent on the

number of rays fired.

Provision is made for the input of pre-computed volumes where

great accuracy is desired.

Track length (cm) - Fl (cm-2)

Volume 
(cm3)
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3.2.15 Response Functions

SAM-F provides a response function option which allows the

user to transform particle fluxes, automatically, into up to 6

desired flux--dependent quantities (dose, heat deposition, etc.).

Assume, for example, that the dose, D, is required in seve -1

regions. The iser supplies, as input, a flux-to-dcse conversion

factor as a function of energy. For each region, the code multi-

plies the average number flux per ev in each energy bin, by the

corresponding energy-dependent conversion factor.

Let #i() =(E)dE/ dE (average flux in energy bin i)

ith ith
energy energy
bin bin

and Ci(E) = average conversion factor in ith energy bin.

Then D. (E) = ()x Ci (E) and

Total Dose, D, Di(E) x AEi ; where AE. = 5% dE
all i 1 ith
bins energy

bin

3.2.16 Interdctiorn File

SAM-F provides the user with a method of calculating the

production and transport of secondary gamma rays arising from

neutron capture or inelastic scattering events.

During the tracking of primary source neutrons, all inter-

actions whi i are capable of producing secondaries can be stored,
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as an option, on an "interaction" file. The stored data are the

coordinates of the collision point, the energy and weight of the

primary neutron multiplied by the nonelastic interaction probabiiity,

and the time of interaction. Subsequently, this file can be pro-

cessed internally by either SAM-F or SAM-A and be converted into

a source of secondary gamma radiation.

3.2.17 Transmission and Escape Regions

A transmission region has the property such that when a

particle enters it, the tracking of that pa.ticle is stopped

and all of its parameters (x,y,z coordinates, energy, etc.) are

stored on a magnetic tape called the interaction file.* In general,

a transmission region is used when it is desired to run a problem

in two steps.** This is usually done for very deep penetrations

or for unusual geometric configurations (su:h as ducts) where it

may be more economical to run the problem in :tages. Also, the user

may wish to consider several different geometries past the trans-

mission region, but does not wish to run the first part of the

problem more than once. The designation of a transmission region

is, however, optional. The program is capable of treating up to 10

different týansmission regions,

* Interactions, (Section 3.2.16), and transmiqsioris are both
stored on the "interaction file".

** See Appendix R for a complete description of how this can
be done.



Not: that the interaction file can contain both interaction

and transmission information. The 14th parameter of each particle

record indicates the type of event (see Section 3.3.2 for addi-

tional information).

An escape region is one in which all particles that enter

are killed. It is ordinarily, but not necespar'ly, used to define

the outer limits of the geometry (i.e., the complete geometry is

enclosed in a large region which is designated as the escape region).

3.2.18 Last Random Number Sequencer and Restart Option

Upon the completion of each statistical aggregate number of

histories, the code will print out a brief intermediate edit. One

of the variables printed out is the 1zst random number sequencer.

If the sequencer of the last aggregate is subsequently used as

the random number sequence initiator (entered as input) for another

SAM-F problem (all other input data held constant) the new compu-

tat:,.ons will start where the first computation ended.

in addition, if FILE16 (aggregate scores tape) of the first

computation has been saved and is available, a complete restart

capability exists. The user supplies as input the history number

of the last particle previously tracked, and also provides the

previously created FIL.16. The computation will proceed as if

there had beei, no interruption and thefinal edit will provide the

correct combined scores and even tne correct statistics on these

scores. Note that if FILE14 was used during the first run (to

save interactions and/or transmissions), then FILE14, in addition

to FILE16, must be supplied for tne restart.

At the present timde, the restart capability is available

only if the internai sourco option is used.



3.3 Additicnal Descriptions of the SAM-F Program

This section is included for those desiring additional organ-

izational, mathematical and background material of the SAM-F code.

In the discussion which follows the user should refer to the

next few pages.

The SAM-F program consists of a main driver (SAMF) and five

primary overlays, AGEOM, ADATA, ASORTT, AMONTE, and AMOUT. AGEOM

processes the geometry data. ADATA processes cross section and

other input data. ASORTT sorts gamma production and neutron inter-

action data, AMONTE performs the Monte Carlo transport calculations.

AMOUT edits the results.
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3.3.1 SAM-F Routines (Alphabeticl)-General Description

This section gives a brief description of every routine in

the program, given in alphabetical order. These brief descrip-

tions are followed, in Section 3.3.2, by detailed descriptions

o[of those important routines which are flagged by an asterisk (*)

superscript.

Routine Description

ADATA The controlling program of the second
primary overlay. It oversees three
secondary overlays which read in the
input data.

AGEOM The controlling program of the first
primary overlay. In this overlay,
geometry data is read in and checked.

AMONTE* The controlling program of the fourth
primary overlay. It oversees the routines
which generate source particles, do the
tracking and scoring and perform the
tallying of results. AMONTE also controls
the shuttling in and out of banded cross
section data and the organization of the
particle histories into aggregates.

AMOUT The controlling program of the fifth
primary overlay. It calls SUBED to per-
form the final edit.

ANISOT Called by DR3 to determine the center of
mass angle of scattering for anisotropic
events.

ARG* The general angle reselection routine of
the bounded flux-at-a-point procedure.

ARPREP Called by ARG, as an aid in angle reselec-
tion for two special cases: (1) neutron
energy just above the inelastic threshold
or (2) for neutron scattering by hydrogen.

ASORTT* The third primary overlay. For secondary
gamma ray problems, this routine presorts
the precursor interaction events and the
production data from file 12.

AUTOBA Calculates and supplies to BAND the energy
limits for cross section bands.
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I The cross section processing routine.
The routine reads in composition data.
Element data for the required elements
is read from an elemeit data tape (EDT),
The data are organized and split into
bands if necessary. Compositionv element#
and cross section data are placed on file
10 - the organized data tape (ODT). The
ODT may be saved for future calculations,
if desired.

CARLO* The Monte Carlo routine which controls the
tracking, importance sampling and most of
the scoring and tallying of the particle
histories.

CARSCA* The Monte Carlo routine which controls the
interaction mechanics. CARSCA also over-
sees the generation of the latent tables
and (option) the generation of a particle
interaction tape (logical unit 14).

CHITAB An auxiliary routine for AUTOBA.

DIFIN* Precalculates some quantities for the
thermal diffusion option.

DIFFU An auxiliary routine called by DIFFUS.

DIFFUS Called by CARLO to sample the thermal
neutron diffusion kernel,

DIREC The routine used to compute the new direc-
tion after a scattering event.

DR1 The routine which calculates the total
cross section at the present energy for
the composition currently encountered by
the particle being tracked. It is called
by CARLO for ordinary tracking and by
TRALA and TRALAV for point and smal. volume
detector estimation, respectively.

DR3* The routine which performs th6 collieion
mechanics.

DRGE The routine which computes the probability
of scattering by a given angle in the lab
system. It is called by FLUP and FLUPV for
point and small volume detector estimation,
respectively. Moreover, it is called from
DR3 when angle reselection is needed for
bounded estimation.

DSPLAY Used, as an option, to display the banded
cross section arrays or the gamma ray
production data.
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EDIT The edit routine. It prints out flux
and flux-dependent (e.g., dose) answersas functions of energy, time and scoring
regions. The routine also prints out
"point" and "small volume" detector results.

FILL An auxiliary routine, called by BAND, used
to fill in the cross section arrays and the
scattering data tables in the banded arrays.

FLUP* Tie flux-at-a-point estimation routine.
The routine calculates scores as functions
of energy, time, and detector point. The
scores are stored in the MASTER array and

are printed out by EDIT.

FLUPV* Similar to FLUP. Used for "small volume"
detectors.

GARB Special geometry routine to process the
input for the ARB body of the Combinatorial
Geometry package.

GCHECK Geometry checker routine. Calls one of
four routines (GCHKBD, GCHKRG, GCHRPP or
T•XTRA - see below) depending upon the
type of checking being performed.

GCHKBD Geometry checker routine. Performs various
body data checks. Calls GEQUIV (see below).

GCHKRG Geometry che-ker routine. Checks for
simple errors in region descriptions and
provides a table of region references for
each body. Also, sets up proper tables in
the MASTER array for subsequent geometry
checking.

GCHRPP Geometry checker rout:.ne. Once the body
and simple region data have been checked
by GCHKBD and GCHKRG, GCHRPP examines the
RPP's placed about each body to establish
possible two- or three- body overlaps.
Routine GIRTWB (see below) is called for
detailed checking of actual overlaps.

GCROSS Used by checker routines to compute cross
products.

GDOT Used by checker routines to compute dot
products.
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GENI The major geometry input processing routine.
The routine reads geometry data, checks for
some simple errors, and puts the data into
the FPD and MA arrays in the form required
by the tracking routines.

GEQUIV Used oy checker routines to place an RPP
about each body in the geometry.

GETIR Used to locate the region number of a
given spatial location. During geometry
checking it identifies points in undefined
and multiply-defined regions, (see Fig. 3.5).

GEXTRA Geometry checking routine. Calls GPOINT
(see below) and also sets up the two-dimen-
sional point grid for picture printouts.

GG The distance calculating routine. Given a
position X, and direction W and a body number,
the routine computes the two distances RIN,
ROUT measured from X to the body.

GGTEC Special distance calculating routine for the
truncated elliptical cone (TEC).

GIROB Until the geometry checking is complete
(see GIRTWB), this routine will be used
to locate points to check for possible
undefined and multiply-defined regions.

GIRTWB This routine will eventually control all
final checking for undefined and multiply-
defined regions. Until the location of the
intersections of all body types is coded as
a generalized procedure, GIRTWB checks all
overlaps of body pairs where at least one of
the two bodies is completely composed of
pl.anar surfaces, i.e., RPP, BOX, ARB and RAW.

GP An auxiliary routine, called as an option
by Gl, for debug printout.

Gl The main geometry tracking_routine. Given
a position 3, a direction W, and a region
IR, the routine will calculate the distance
"S" from the point X to the next region in
the direction W. The routine also deter-
mines IR', the next region to be encountered.

GPOINT Geometry checker routine. Locates and prints
out the region of all user-supplied points.
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GRAFIC Prints out the two-dimensional pictures.

GRID Finds the proper region number for all
points in the two-dimensional grid for
picture display.

GUNIT Used by checker routines to compute
unit vector.

GVECTR Geometry checker routine. Checks angles
made by various vectors in the description
of the geometric bodies.

INPUTD Reads in most of the Monte Carlo input
data and stores it in the MASTER array for
use by the calculation routines. Region
specification, importance sampling data,
output energy meshes, and detector data
are handled by this routine.

INPUTE An auxiliary routine used to flag very
distinctly all errors in the Monte Carlo
input data.

LENTHS An auxiliary routine called by BAND
and FILL. Used to determine lengths of
energy tables in a given energy band.

MAIN*(SAMF) The overall control routine for SAM-F.
The size of the MASTER array is set by SAMF.

NDQSET An auxiliary function to find the length
of specified arrays.

PICK* The control routine for superbin latents.
This routine stores particles whose energies
are not included in the superbin currently
being processed. These particles are stored
by PICK in either the central memory or on

* tapes depending on the amount of core avail-
able for the particular problem.

RANDW An auxiliary routine called by FILL to read
binary blocks of data from the element data
tape (EDT) and to write binary blocks of
reduced data on the banded organized data
tape (ODT).

RANF A built-in random number generator.

REED An aixiliary routine to read in binary
arrays, or partial arrays,very rapidly,
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SEEK* Given an array, A, with elements monotoni-
cally decreasing and a variable, X, this
routine will search through the A array
and determine the bin containing X.

SOUCAL* The input procesnor for the source i--
formation requi rx, by the Monte Carlo
routines for pri.ary transport problems.
The routine processes energy and time spectra
data, and source region data which are
stored in the MASTER array.

SOUGAM* The routine which generates the source
particles for secondary transport probl-Ams.

SOUGEN* The routine which generates the source
particles for primary transport problems -

except for the external source option.

SOUPIC* The routine which calls either SOUGAM or
SOUGEN to generate secondary or primary
source particles, respectively. It will
also read in source data from an external
source tape. In addition, SOUPIC controls
the angle of emission reselection procedure
for problems involving one or more point
detectors.

SOUSEC The input processor for the gamma pro-
duction data for secondary transport
problems,

SUBED The main edit routine. The routine reads
the answer arrays from the statistical
aggregate tape and prepares it for editing
by the EDIT routine. Flux-dependent
responses are also calculated in this
program.

TALLY* A summary routine. The routine prints a
one line summary of results for each
statistical aggregate. Quantities such as
number of collisions, absorptions, and
energy deposition are printed for each
aqr z•c.

TDIFIN Ciluea by INPUTD if the thermal neutro,.
aizzusion option has been involved. TDIFIN
ruads and preprocesses the diffusion option

TERP A in'ai inter-oiation routine.



THERM A subroutine, called by AUTOBA, wnich
precalculates cross sections averaged
over the Maxwellian spectrum for the
thermal neutron option.

TIMEX Used to keep track of computer running
time during Monte Carlo execution.

TRALA* A tracking routine used by FLUP, the main
flux-at-a-point routine. It tracks from
an initial colli.sion (or source) point to
a detector poin ;.

TRALAV* Similar to TRALA. Used by FLUPV, the
flux-in-a-small-volume routine.

TROPIC A routine to generate a vector of direction
cosines from an isotropic distribution.

VCALC The volume computation routine. Region
v lumes are computed by numerical inte-
gration.

WRIT An auxiliary -outine to write out binary
arrays, or partial arrays, very rapidly,

WRT14 A routine to write 14-word records onto
tape. The routine is called whenever a
transmission or interaction is to be put
on tape.



3.3.2 SAM-F Routine., (Alphabeticall-Detailed Descriptions

Program AMONTE

In order to help the reader understand 'he operation of

AMONTE, a brief description of the "superbin" pcocedure in SAM-F

is presented. It will be seen, below, that the ruutine 4D

arranges cross sections in certain energy bands. The output

energy bins (for s(.ores) are also arranged in certain output

supergrou... Cross section input corresponding to a sinqle band

can be stored in computer memory at any given time. Scores

corresponding to a single output supergroup can be stored in

computer memory at any given time. The two meshes (bands and

output supergroups) do not necessarily coincide. A combined mesh

defines a set of "superbins."

The AMONTE program starts by reading in the highest energy

cross section band, and by arranging tae memory for the highest

energy output supergroup. The highest of the low-energy bo-nds

o" these energy ranges defines EBL, the low energy of the superbin

currently treated.

The program then calls the source-picking routine SOUpic.

upon return from SOUPIC, AMONTE examines tbe energy, E. If E4EBL,

the particle is stored as a litent by calling the storing porti.

of sabtoutine PICK, and SOUPIC is called again. When E>EBL, the

:,ubroutine CARLO is cdlled. The subroutine CARLO tracks the

particle scores contributions to vclunme fluxes when needed, and

;alls FLUP FLUPV for "point" or "small-volume" detectors,



respectively. Particles coming out of collision arc also tracked

if their energy is above EBL; particles coming out of collision

with E<EBL are stored as latents by calling PICK. Control is finally

recurned to AMONTE which proceeds to the next source particle, until

a complete statistical aggregate of particles has been treated for

the highest superbin.

At this point, AMONTE switches to the next superbin by either

reading a new band of cross section data, or by writing out on

tape the set of scores obtained and preparing the memory layout for

the next supergroup, or both. It then proceeds to call the

retrieval section of subroutine PICK, which returns latents from

previous superbins. IF EqEBL, the particle is stored again as

a latent by calling PICK. If E>EBL, CARLO is called. The procedure

continues until all latents have been examined, at which point

AMONTE switches to the next superbin, etc., until the lowest energy

superbin in the problem is finished for the present aggregate.

When this occurs, AMONTE switches back to the highest superbin,

and proceeds to treat the next statistical aggregate of particles.

The calculation terminates when a history number exceeds the cutoff

value NSTOP specified on input. A "blank" interaction record, with

NSTOP=NSTOP+l, is written on the interaction tape and all tapes

are rewound. Control is then transferred back to the main overlay

for subsequent call to the editing overlay, AMOUT.

Z77



Subroutine ARG

This is the general angle reselection routine of the bounded

flux-at-a-point estimation procedure. A non-mathematical descrip-

tion is given in this section.

Subroutine ARG is called by SOUPiC following A selection of

source direction, or )y DR3 and DIFFUS following the selection

of a post-scattering direction. In either case, this initially

selected direction will be reselected, if the selected ray inter-

cepts the sphere of influence, or "critical sphere," around

a "live" detector, i.e., a detector whose scoring capacity is

currently active. This angular reselection procedure comprises three

distinct stages: (1) lirection checking; (2) reselection oi angle;

(3) weight adjustment.

In the direction checking stage, the orientation of live

detectors with respect to the originally selected ray is analyzed.

If the ray does not intersect any detectors, reselection is bypassed.

If an intersection is found, reselection may be necessary, but

prior to reselection, potential "conflicts" must be resolved.

Two types of conflicts are possible: (1) The intersected critical

sphere overlaps the critical sphere of another live detector;

(2) The cone, with vertex at the collision (or source) point,

which is tangent to the intersected critical sphere, overlaps

The corresponding cone of another live detector. A conflict is

risolved by Russian roulette, in which all but one detector is

deactivated.



Subsequent to the direction checking stage, at most one

live detector sphere is intersected by the originally selected

ray. If such an intersection has survived, a new direction is

selected in the reselection stage.

The final stage in the reselection pracedure involves the

calculation of a weight adjustment factor which compensates for

the biasing introduced by reselection.

Program ASORTT

ASORST re-organizes the gamma ray production data and the

neutron interaction tape so as to provide (for secondary problems)

a memory saving scheme analogous to the BAND feature for transport

cross sections. Whereas BAND automatically splits cross section

data into two or more energy ranges, to be treated one at a time,

ASORTT makes provisions so that during the generation of secondary

gamma rays, gamma production data for one element only resides in

the MASTER array at ani given time.

The basis fc- this memory-saving process, lies in the creation

of an organized gamma production data tape (OGPDT) and a sorted

interaction tape, (SIT).

The format of the OGPDT is similar to the original gamma

production data tape described in Appendix D, except that:

a) the first two words for each element are dropped

b) the pointers are made relative to the starting address

in the MASTER array

c) the data for each element are written as one logical

record on the OGPDT.
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The sorting of the SIT proceeds subsequent to the creation

of the OGPDT. The sorting is carried out separately for each

aggregate using the element order established for the OGPDT. If

the number of interactions in an aggregate exceeds 1085, then

1085 at a time are sorted, up to a maximum of 10,850,000.

In the Monte Carlo routines, the production data for only the

element currently considered need reside in memory. When an inter-

action for a different element is picked from the SIT, the corres-

ponding logical record is shuttled into memory from the OGPDT.

Program BAND

The purpose of BAND is to arrange the cross section data in

an organized fashion for the particular problem in process.

The basi, source of neutron or gamma ray cross section data

is an element data tape (EDT) generated by program SAM-X (see

Appendices A and B).

The EDT contains microscopic total and partial cross sections

and scattering tables (neutrons only) for all nuclides of interest.

This EDT can be considered as a library tape for any subsequent

Monte Carlo problems.

The BAND program first searches and reads from the EDT all

information concerning the nuclides which appear in the various

compositions specified in the input. It stores all data concerning

these nuclides and the compositions of the program in a prescribed

order. (See Appendix C.)

The output of BAND (ODT) is arranged in energy bands. The

number NBAND of bands, and the (NBAND+l) band lim;Ls are derived

automatically, or at the user's option, are specified on input.
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The ODT consists of all cross sections and scattering tables for

the high-energy band for all nuclides and compositions, followed

by all cross sections and scattering tables for the next energy

band for all nuclides and compositions, =tc., down to the lowest

energy band. (Appendix C)

Note that the gamma ray production data is not banded. Instead,

overlay ASORTT is used to presort the neutron interaction and

secondary gamma ray production data so that the code treats only

one nuclide at a time during the generation of the secondary gamma

rays.
Subroutine CARLO

This subroutine is the primary Monte Carlo subroutine of

the code. Oz*ce a particle is established (in SOUPIC), its history,

including all latents with energies in the current supergroup, is

controlled by CARLO until termination, which, in this context

also includes degradation out of the supergroup.

In order to carry out its function, CARLO uses principally

three othei subroutines, DR1 to obtain total cross sections, Gl

to compute track lengths, and CARSCA to handle the scatter±ng

process. If the thermal neutron diffusion option is being invoked

subroutine DIFFUS is also used to carty out this procedure.

In the subroutine itself, mean free path distances are calcu-

lated through the medium. Using this data, estimates of flux

are made within designated scoring regions.

The Monte Carlo logic pertaining to the random selection

of scattering position is carried out, using the region dependent

weights for biasing. When appropriate, automatic biasing, required

to bound t-le estimates of flux at point detectors, is also used.

The foLlowing is d detailed de.cription of the subroutine opera-

t- on.



AMONTE, the controlling Monte Carlo overlay program first

considers a potential new ray. This can be either a source parti-

cle (read from source tape or generated internally by subroutine

SOUPIC) or a picked up latent from a previous interaction. AMONTE

next tests the energy of the considered particle. If it is below

the lower bound of the superbin currently treated, it is stored

as a latent. If the energy of the particle is within the current

superbin, it is transmitted to CARLO.

CARLO proceeds to track the particle and to score answers.

Collisions made by the particle are stored by CARSCA. The track-

ing procedure in CARLO is as follows.

Given the region number, IR, the energy, E, and the direction

of flight, W-B, a sampling weight*

W = WIR x WE X W

is calculated. A test is made to determine whether or not the

thermal diffusion option is being invoked.

If the thermal diffusion option is not being invoked, the

"ordinary" tracking procedure is used. First, subroutine DR1 is

called, which pro,-ides the total macroscopic cross section in the

region IR.

When point detectors are being used, (and if the extended

particle path passes sufticiently close to a specified detector)

preliminary geometrical calculations, necessary to bias the

collision positions, are carried out. This biasing is that

required to make flux estimates for point detectors bounded.

See Appendix F or a --tailed discussion of the use of
the use of .mp, tance sampling in Monte Carlo calculations.

182



The geometry routine Gl(rI) is called to provide the

distance S1 to the first region boundary encountered fromX

(the current position) in the direction WE. G1 also produces

IR', the region number on the other side of the boundary, and X'

the point of intersection of the track with the boundary. If

the region IR is a scoring region, the contribution to the flux

is calculated and scored. Once the tracking and scoring (if

called for) are completed, the Monte Carlo procedure necessary to

generate collision positions is invoked.

The general principal used for the selection of collision

positions involves an implicit splitting and Russian Roulette

procedure. The procedure is described in detail in Appendix Q.

In summary, to select the positions, an unnormalized probability

density F(s) is defined where s is distance along the track, and

the expected total number o. jollisions is given by G= F(s)ds.

The actual number of collisions is then either [G] or [G]+1,

where the probability of the additional collision is G-[G].

In carrying out the collision dropping procedure, F(s) is

treated in a piecewise fashion, where in each interval F(s) and

its indefinite integral have the desired analytical properties,

most important being that the indefinite integral be easily

invertable. Finally to compensate for any biasing involved in

using F(s), the particle weight must be adjusted accordingly.

If a collision is dropped by means of this procedure, sub-

routine CARSCA is called to complete the remainder of the pro-

cessing. Once no more collisions positions are selected, the
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subroutine proceeds. A test is made whether the next region is

a transmission region (if it is, the coordinates X', IR', energy,

time, etc., are written on tape)* and whether it is the escape

region. If it is not an escape region, the particle tracked is

moved to the boundary by setting IR=IR', by computing the new

sampling weight W. Russian Roulette may be invoked to kill the

particle. Next, the DR1 routine is callec to obtain the new total

cross section, and control is transferred to the part of the code

which calls the geometry routine, Gl. Thus the tracking continues

until either a kill occurs or the escape region is reached. In

the latter case, an estimate of "escapes" is made.

If the thermUl diffusion option is invoked, subroutine DIFFUS

is called to carry out the paticle transport. If the region, IR,

is a scoring region, volume flux estimates are made.

Note that the diffusing particle, just like the transport

particle, is subject to splitting. Each split may wind up as an

absorption or as an escape from the diffusion box (in which case it

ii stored in the regular latent table). Subroutine CARSCA is

called to do all appropriate bookkeeping and to control the point

detector estimation (if any).

When all splits are completed, the processing Continues at

the point where the latent table is under examination (see below).

* Both interactions and transmissions are written on the "inter-
action" tape at the option of the user. See Sections 3.2.16
and 3.2.17.
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After the tracking is completed, for either a diffusing

or non-diffusing particle, the latent table of particles within

the current range, is examined. If not empty, the last latent

is picked up and processing continues. (Latents are created in

CARSCA.) The subroutine is terminated when the latent table is

exhausted.

Subroutine CARSCA

This routine controls all the necessary processing after

a collision position is selected in CARLO.

DR3, is called to carry out the interaction. If the event

is an absorption, the processing terminates and control is re-

turned to CARLO.

If the event is a scattering, and flux-at-a-point (or in-

a-small-volume) estimates are desired, CARSCA first calls subroutine

FLUP (or FLUPV, respectively) to carry out these calculations.

Next, CARSCA examines the new value of particle energy (returned,

in addition to the new diruction cosines, by DR3). If the energy

is below the low energy cutoff, the procedure is terminated. If

not, a sampling weight is calculated, and it is possible that the

procedure may be terminated by a game of Russian roulette.

If the scattering event still survives it is stored as a

latent in one of two latent tables depending upon whether or not

the new energy lies within the range of the energy superbin

currently being considered. Note that if it does fall within

the current superbin and if the latent table happens to be tilled

up, an additional Russian ioulette procedure is invoked to make

more storige space available.
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;f an interaction tape is being created, for subsequent use

as a source of secondary radiation, CARSCA will oversee the proper

z;toring of the parameters of the interaction event. This includes

both absorption and scatter.ng-events.

Subroutine DIFIN

This routine reads, as input, the coordinates and composi-

tion number of the thermal diffusion box. DIFIN then precalculates

the following quantities:

(i) thermal absorption cross section

a C i a,i EH

where C IS Lne concentration (atoms/cm 3 of the

"i-th" nuclide

ETH is the thernral energy (ev)

a~is the microscopic absorption cross section ofa,i

the "i-th" nuclide.

(2) thermal transport cross section

ir= + r C 2(ETH)(l-1 A.)
Tr a i i s,i

where Si is the microscopic scattering cross section

of the "i-th" nuclide

Ai is the atomic weight of the "i-th" nuclide.

(3) thermal diffusion coefficient

D = v/( 3 u Tr)

where v = the thermal velocity

(4) absorption mean free time
1

T 1=
a
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it is recommended that the diffusion option be used in a box

witt. dimensions of at least several transport mean free paths.

The input routine actually suppresses the option if any dimension

is smaller than three transport m.f.p.

it is also recommended that the cides of the diffusion box

be kept a few m.f.p. away from any sutistantial heterogeneity.

The method of selecting a position and time to either

absorption or diffusion is described in Reference 9. The selection

is performed by subroutines DIFFUS and DIFFU.

Subroutine DR3

This routine performs all of the collision mechanics. The

routine is called by CARSCA, to determine collision events.

A detaiJ'd description of the implementation of the scattering

mechanics in SAM-F is now presented.

Elastic Scattering

Consider an elastic scattering event between a neutron with

initial speed v and a nucleus at rest with mass A in units of

neutron mass.

Let v' be the final neutron speed. Then if anL ed wc are the

cosines of the angles of scattering in the lab and center of mass,

respectively, the mechanics of the event may be summarized by

a velocity diagram.

Av

A+1

wc

Figure 3.6 - Velocity Diagram - Elastic Scattering
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invoking tne Ilaw of Cosifne:,

( 2 (37)

, , ana L' ..sre the an.t ndl d final neutron energies,

respectively.

Inelastic Scattering

Letting Q be :he exitat:on •nerqy of the nucleus, the kinetic

entqrgy in the cý-nter of r.,ass Uw=reases to

,v v - (38)
r

wr.erc is the reduced mass ;iven by

A (39)

Invoking conservation of linear momentum one obtains the

velocity diiagram,:

r
A+1 '•

V

Fig. 3.7 - Velocity Diagram - Inelastic Scattering
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Define an effective mass A such that

A = A vr/V (40)

Equations (38), (39) and (40) yield

A=A '- - (41)A E

Define vf such that

Vf = (-+-l)v (42)
f A+1

then the triangle of Figure 3.7 is made similar to the triangle

of Figure 3.6, with A and vf replacing A and v, respectively.

Consequently, the transformation analogous to equation (37) is:

I+A2 +2Aw£'c (43)
E 2(1+A)

Utilization of ENDF Information (Continuum Scattering)

Current ENDF data files specify angle-decoupled secondary

energy distributions expressed in the lab system after crontinuum

scattering. This information is utilized by SAM-F as follows.

Let E be an energy sampled from the angle-decoupled secondary

energy distribution. Compute A from the expressions:

(- -)E (44a)

A = AI/E (44b)
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After sampling a cosine of scattering wc, the energy E' is

computed from equation (43).

Averaging equation (43) over all wc for an isotropic dis-

tribution, one gets

<E'> = E [l+K2 ] 45

Substituting equation (44a,44b) into equation (45) yields

- 2 E - AA1 ] (46)
(A+l)2 E- A

Equation (46) is consistent with the ENDF specified angle-

decoupled secondary energy distribution for exitation energy Q,

viz.

F(÷E) 6E' A2 +I A
F(E-2E') = UE' - E + A- Q (47)

(A+I) 2  A+l

Relativistic Energy Changes in Scattering

As shown in Appendix G, it is not necessary to consider

relativistic energy changes (assuming Emax for neutrons is -20

Mev).

The following describes how DR3 carries out its functions.
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The subroutine is called when a particle enters collision at

some point within a region of given composition. Its first

function is to select the nuclide in the composition with which

the particle collides. The probability that a particle with energy

E will intereact with nuclide k of the composition R is given by

P(k,R) = C(k,R)OT(k,E)/1T,R(E)

where PT,R(E) is the total macroscopic cross section of the compo-

sition, and C(k,R) is the concentration of nuclide k in region R.

C(kR) = Lk- N x 10-4

A k 03

where Pk density of the nuclide, k, in the composition (gm/cm )

Ak its atomic weight

N = 0.6023 x 10 24; Avogadro's number

By normal Monte Carlo procedure, DR3 generates a -andoz

number, E, and successively compares E with P(k,R), for all

values of k, until the condition

VP(k,R)

i' satisfied. Then the interaction is with that k-th nuclide.

Next, DR3 determines the type of interaction suffered by

the particle. The probability that a particle with energy E

will suffer the "i-th" type interaction with the already selected

"k-th" nuclide, is given by:

P(i,k) = oi(E)/OT(E)
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where ai(E) and OT(E) are the microscopic i-tb reaction and total

cross sections, respectively. As before a random number, ýi, is

generated, and successively compared with P(i,k), for all values

of i, until the condition

•l,<P(i,k)

is satisfied. Then the interaction type is that of the i-th

reaction.

Finally, DR3 performs the actual collision mechanics for

this "i-th" reaction. The outcome will be a new energy (EPRIM),

a new direction (WP), the cosine of the scattering angle (CSTHT),

and an integer (NCDB) denoting the type of interaction. The

types of interaction are listed below. Isotropic or anisotropic

refer to the scattering process in the center-of-mass system.

NCDB INTERACTION

1 Discrete level inelastic scattering (isotropic)

2. Discrete level inelastic scattering (anisotropic)

3 Elastic Scattering (isotropic)

4 Elastic scatLering (anisotropic)

5 Klein-Nishina scattering for gamma rays

6 Absorption

7 Continuum inelastic scattering (isotropic)

8 Continuum inelastic scattering (anisotropic)
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Subroutine FLUP

FLUP is the subroutine which makes both the uncollided ind

the collided flux estimates at the specified point detectors.

If the computations involve primary radiation, present coding

requires source to be either monodirectional or isotropic. Under the

former condition, no uncollided estimate is made; under the

latter condition AMONTE will call FLUP and uncollided flux is

calculated simply by the familiar

exp(-XE) /41R 2

estimator, where A is .he mean free path distance (at source energy
E

E) between the source and detector points and R is the corresponding

distance. (Subroutine TRALA is the routine which calculates XE.)

If the source particle is assigned a weight factor which is other

than unity, this multiplicative factor will also be included in the

estimate.

If the computations involve secondary radiation, the present

coding allows for anisotropy of its production. Such anisotropy

data is included on the gamma production data tape (GPDT). The

uncollided estimate is then

R R2

where g(C+7') is the probability, per unit solid angle, that the

photon is emitted in the direction •' towards the detector, given that

the precursor interaction occurred for a primary particle traveling

in the z direction. For isotropic secondary production g(Q45') is,
-l

of course, (47).
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For calculation of the collided flux the proccedure is as

follows.

SAM-F employs a form of automatic importance sampling, duzing

the transport game, to ensure that the scores at point detectors not

only have a bounded variance, but, in addition, bcunded estimates as

well. (This is an improvement over the older once-more-collided

procedure of Kalos 1 0 , which exhibited only a bounded variance.)

The bounded estimation technique, described in detail in

Appendix 0, automatically biases the particle collision density

in the vicinity of the detector (as part of the transport game) so

that there is an effective additional weight factor proportional

to R2 (R= collision-to-detector distance). This additional weight

factor will be referred to a few paragraphs below.

Once the biased collision point has been selected, and

provided the collision event is nonabsorbing, the required angle of

scattering (from the original direction to the direction of the

detector) is computed. Let the cosine of this angle in the lab

system be denoted by cose. DRGE, is then called to compute

g5 'cose),,the probability, per unit solid angle, of icattering

thz.)ugh the lab angle e. (Note that for inelastic scattering,

the code always takes into account the transformation process

frori the CM to lab systems.) DRGE also calculates the new

energy, E'. If the new energy is below the superbin currently

treated the particle is stored as a latent to be picked up and

Leturned to this point of the coding at the appropriate later

time in the calculation.

Next, subroutine TRALA is called which tracks from the

collision point to the detector and computes X(E'). The collided

estimate is made at the detector. This estimate is
-' (E')

Wx gs (Coso)e

R12
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where W is the overall weight factor of the particle going into

collision. ;4ote that W conta..ns an R2 factor (due to the automatic

importance sampling referred to above and described in more detail

in Appendix 0). This term then effectively cancels out the R-2

term of the above expression. Thus, the usual problem of unbounded

scores, as R-0, are, in essence, eliminated. This, then forms the

basis of the bounded estimation procedure.

Note that, in general, collided flux estin.ates will be

made at all detectors with the following exceptions:

(1) The required aigie of scattering may not be allowable;

i.e., gs(cose)=0.

(2) As described in Appendix 0, each detector is surrounded

by a special imaginary spherical volume which affects

the automatic importance sampling game in the neighbor-

hood of the detector. If detectors are too close to

each other, the special spheres may actually overlap.

Also, the cone, with vertex at the collision (or source)

point, which is tangent to the intersected critical

sphere, may overlap the cone to another critical sphere.

Under these conditions, a game of Russian roulette is

played to determine the detector to which an estimate

will be made from the current collision point.

(3) If the collision point represents a latent previously

stored by FLUP (when the energy in the estimation proce-

dure to a given detector fell below the lower limit of

the then current superbin) then the estimation is made

only to that gijen detector irvolved in that previous

FLUP computati• .
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Subroutine FLUPV

FLUEPV is used for the flux-in-a-small-volume option. This
estimation technique is valuable for the case of a small detector,
usually far from the source, inside of which the flux cannot be
considered to be i'niform.

At the start of the Morte Carlo calculations the code receives
input describing which simple regions (sphere, box, cylinder) are
to be the small volume detectors. For each, a sphere is then
circuprscribed about the izgion as seen in the figure below.

scoring region

c

crumscribing
ýCisphere



The general technique in the main Monte Carlo ganm_ for

scoring from any point S, either source or non-absorption colli-

sion point, is as follows, (repeated for each small-volume detector):

1. Call FLUPV from CARSCA (or AMONTE for source particles)

2. From S, construct a cone tangent to the sphere

3. From S, select an isotropic direction restricted to be

inside the cone (see mathematical description below).

For collided particles, call subroutine DRGE to

calculate gs, the probazility of scattering tc the

selected directIon and tne collided erergy E. If cS=0

make no score and return to CARSCA or AMONTE. For an isotro-

pic source do not fo:ce the ray into trhe zore (if tie

ray misses, see below, no score will be made) dnd set

gs=i.

4. If E' is less than the lowest energy ;:f tne problem

no score is made. If E' is lower than the lowest

energy of the current energy ban;W the :,rticle is stored

as a latent to be picked up at a iazet t-ime. in both

cases control is then returned to ZARSCA.

5. If gs>O and E' is in the current enerrgy banO, call

TRAIAV to track tc I, the point of interceptivi of

the ray with the dc rctox. TRALAV will also calculate

e , where ý is the cumulat;ve mean frec
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path flight path from S to I. If the ray misses

the detector completely no score is made and control

is returned to the calling program.

6. If interception is made TRALAV next calculates I-J

the flight distance (cm) through the detector. Control

is returned to FLUPV where a track length score of

_X l-X d
WT X S xe xI x e for ý >0 orL Xd j d

WT X gs x x fx J for X, =0 (vacuum)

is made, where X d is the mean free path flight path

through the detector and WT is the weight of the

particle at point S, prior to collision.

7. Note that if the ray starts inside the sphere it is

allowed to scatter in an unbiased direction (non-

source) or to proceed in its original direction

(soiurce) and the same estimate as above is made

with g,=i, and, if the particle is inside the

Cetector as well as inside the sphere, e- -•l. If

the )article is inside the sphere but outsi .e the

dAtector, and misses the detector, no score is made.

The rathc~.maticai technique to select tqe scattering angle at

S is o. somet ind is now presented.



Let the original ray have direction cosines W W and Wz

and let the coordinates of S be XS, YS' ZS"

circumscribing
S I sphere

Sdetector

iD

Assume the detector is centered about point D and has a

radius Rd.

S outside the spnere

S-D=4xDx)2S+ ( 2 (p . 2

COS -\[

SD

Select in angle a at random so t-iat cosd is ui.niformly dis-

tributed between 1 and cosT, i.e., o zco•+(l-oAX •



where ý is a random number uniformly distributed between 0. and .

Once, cos: has been selected it is simple by usual Monte Carlo

procedures to select a random azimuthal angle and to calculate the

direction cosines ot S-f, which are designated Wx2 , Wy2 and W2 2 .

Then, if r is the selected angle of scattering:

cosu Wxl.Wx 2 +Wyl.WY2 +Wzl.Wz 2

gs -g(cosO) x 2-(I-cos.)

where g(cos:)= 2I for isotropic scattering.

S inside sphere, but outside detector

Select Wx2 , Wy2 , Wz2 from an isotropic distribution. Then

gs=l and score only if path intersects detector.

S inside detector

Again, select WX2 , Wy2 and Wz2 from an isotropic distribution

and then gs=l.

Note: In order to increase calculational efficiency (by decreasing

the number of rays which-intersept the sphere-but miss the detector)

MAGI investigated the effects of splitting the cone into an inner

and outer cone. The inner cone goes from angle 0 to #/2 and the

outer cone from ./2 to u, (see above diagram). The code forces 3

particles into the inner cone for each particle that goes into the

outer cone - with correcponding weight adjustments. This modifica-

tion does seem to increase the efficiency of the technique for

cubic and cylindrical detectors (with the diameter'about equal to

the altitude), and is currently coded in SAM-F. Investigations

along these lines should continue.
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Main Program (SAMF)

SAYS is the main program. After initializing some data,

5AMF successively calls the five primary overlays, AGEOM, ADATA,

ASORTT*, AMONTE and AMOUT to perform the geometry and cross

section input processing, to reorganize the gamma production

data and interaction tape*, to perform the Monte Carlo calculations

and to edit the results, respectively. The size of the MASTER

array is set in SAMP by the dimensioned value of MASTER in

blank comion. With NDQ=7,OOO, the entire code loads at

120,000 - 130,000 octal locations on A CDC 6600 machine;

the exact amount depending on user's computer facility.

Subroutine PICK

It has been seen throughout the previous sections that parti-

cles degrading below the energy EBL, low-energy limit of the super-

b-in currently treated, wer-- .-tored as latents by calling subroutine

PICK. They were later pic-ked up by AM0ONTE býF-clling subroutine

PICK. The subroutine INPUTD allocates the memory to data scores,

etc. The remaining memory is assigned to the subroutine PICK, to

be used as a buffer for latents. One lend' of the buffer is

assigned to 'degraded' particles. This is the end of the buffer

where particles are being stored. The other 'end' of the buffer

is assigned to 'unsorted' particles, i.e., the particles to be

picked. Associated with each end of the buffer is a disk file to

be used when the buffer overflows. There are two modes of operation.

In one mode, the top of the buffer is unsor~ted and the bottom is

sorted. When the switch is made -from one superbin to the next,

the 'unsorted' part is empty, and the 'degraded' part may have

particles which becc..ne 'unsorted' for the superbin about to be

*Secondary gamma~ ray problems only.
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treated. The designation of the buffers (and of the disk files)

is, therefore, switched.

There is no set boundary between the two 'ends' of the buffers.

The number of particles in the 'unsorted' buffer keeps decreasing,

whereas the number of particles in the 'degraded' buffer keeps

increasing, and can increase faster than the other number decreases.

Therefore, the two parts of the buffer can meet, causing an overflow

of the buffer.

It is then determined which 'end' of the buffer is longest,

and a number ot particles exactly equal to one-half the total

lergLh of the buffer are written fr-..m the longest 'end' onto the

corresponding magnetic tape.

When the 'unsorted' buffer becomes empty, a test is made

whether any 'unsorted' particles are available on the corresponding

magnetic tape. If none are available, the calculation has been

completed for the current superbin. If some are available, they

are read into the buffer if room is available. If room is not

available, it is made available by writing out pdrt of the other

buffer on the other -ape, the length of the record written out

fror one 'end' to equal to the length of the record to be read

into tne otner 'end'.

Subrout-rne PICK deals with diffErent kinds if latents. The

q,.antities storod are' X,r,E,IR,T,IDET,F,NHIST,WC, and J12345,

wriere, A 3 th i,',-.,itaon, S1 the direction, E the energy, IR the



region number, T the time, F the weight, NHIST the history number

and WC a normalization factor. IDET and J12345 are indices.

J12345 = 1 - identifies a source particle.

= 2 - identifies a particle coming out
of elastic scattering.

= 3 - identifies a particle coming out
of inelastic scattering.

= 4 - identifies a latent for flux-in-
a-small-volume estimation.

= 5 - identifies a latent for point
detector estimation.

(in other parts of the code, J12345=2 identifies a transmitted

particle and J12345=10, a nonelastic interaction.

IDET is irrelevant (set to 0) for J12345=1,2,3. For FLUP

and 2LUPV latents, (J12345=4 or 5), IDET is the detector number

for which the latent applies. In the description of nonelastic

interactions (J12345=10), IDET is a packed quantity, consisting

of IATWT, a five-digit identifier of the element with which the

interaction occurred, and KDLIV, used in the bounded estimation

procedure (=200,OOOY KDLIV+SIGN(KDLIV)-IATWT).

When AMONTE calls the subroutine PICK, it examines the

J12345 obtained and calls the proper routines:

J12345=1 - FLUP, FLUPV (for uncollided estimates)
and CARLO

J12345=2,3- CARLO only

J12345=4,5- FLUP, 'LUPV (for collided estimates)
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Subroutine SEEK (For monotonically decreasing arrays)

Given the vector array, A, of length, N, and the argument "X"

the routine will perform a binary search and return "I" such that

A (I)?.X>A(I+I); 1+I•N.

An error message is given if A(1)<X.

Subroutine SOUCAL

SOUCAL will read source data for primary transportproblems

and prepare tables for use by the Monte Carlo routines.

After reading in some initial descriptive data, the routine

next processes data cards specifying the energy spectrum assumed

to apply to all the source regions. This is a table of E vs. F(E)

where

F(E) CO S(E)dE.
E

Linear interpolation is assumed on E vs. in F(E). The first entry

must be for E>Ehigh, and the last for E<Ecut. (See Appendix E).

(A monoenergetic source may also be specified).

If the Monte Carlo calculations include time dependence, the

time dependence of the source must be specified. input data cArds

specify tables of t vs. G(t) where

G(t) f tSt(t)dt.
0

Linear interpolation is assumed between entries in the table.

SOUCAL reads in this input and other kinds too, prints it

back, and in general pre-computes tables to pick directll from

an energy-biased source distribution. The code first pre-computes

a table of

SPEC(I) =5E S(E)dE,
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where the EI's take the values of Ehigh, of all the energy bound-

aries where the mergy weight changes, and E The code then

runs through all the source regions, and, for each new energy-

importance set e.mutared, pre-computes a table of

SPEC(IJ) f S()dE

where J runs from 1 to the total number of different energy-

importance sets encountered in the source regions; also for each

angular impcrtance set encountered, if any, a table of

P (I,,K) = d

1

is computed, where the w. 's take the values of cosO at which the

angular weight cnanges, and K rui s from I to the total number of

different angular importance sets encountered. The different

tables are renormalized and both the modified and unmodified inte-

grated source are computed in eaci source region. The former

quantities are propoitional to the probability with which particles

should be picked in different source regions. A table SOUR(L) is

built up, which gives the cumulative probability for a source to

be picked in the Nth region for M>L.
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SubroutineL SOUPIC, SOUGAM and SOUGEN

SOUPIC is used to oversee the selection of source particles

from the available source distributions.

If an external source tape is to be used, groups of 35

source particles are read by SOUCAL from tape into a buffer, and

returned one by one to the main code. The 14 quantities describing

each external source particle are shown in Table 3.1.

If an interaction transmission tape is expected, groups of

35 interactions/transmissions are read from tape into a buffer by

SOUGAM. The interaction transmission descriptions are as in Table 3.1.

Secondary gamma rays are produced according to the production data,

biased by region and energy as specified. Anisotropy of production

can be taken into account. The Angular biasing is not implemented

in the generation, but only in the transport. The gamma r3ys are

produced and returned one by one until the specified number of pre-

cursor neutron histories are exhausted or the upper limit on the

number of gamma rays to be produced has been reached.

The procedure for internal source generation by SOUGEN is as

follows.

A first random number § is compared to the table SOUR(L),

(pre-computed by SOUCAL). The smallest L for which SOUR(L)>§

determines the region IR=ISR(L) of the source particle. Standard

techniques are used to pick coordinates of points uniformly distri-

buted in a region.
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The energy is picked next. A stratified random number

(called CE in the code) is obtained (stratification is done for

each statistical aggregate of source particles). A biased ran-

dom n'mber is then obtained by interpolation in the SPEC(J) vs.

SPEC(I,J) tables pre-computed by SOUCAL. (The J is determined by

the region number.) Finally, the energy is determined by solving

the equation

COS S(E)dE

using semi-log interpolation.

5PEC(()

0

The direction W of the source particle is determined as

follows: If the source is isotropic and there is angular impor-

tance sampling, the cosine of the angle between the particular

aiming angle and the direction is chosen by picking a random

number, and interpolating between the angular mesh supplied on

input vs. the table P(I,K) pre-computed by SOUCAL. (The K is

determined by the region n_,nber.) A random azimuth is then

picked, which completes the specification of the direction.
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In the absence of angular importance in the source region, standard

techniques aie used. The case of monodirectional source also can

be handled, provided there is no angular importance in the source

region. Finally, if time dependence is to be determined, a time

T is determined by another random number t and the solution of

the equation

The quantities communicated to the main code are shown in

Table 3.1.

Subroutine TALLY

The routine is used to print a tally at the end of each

statistical aggregate and to print a tally by region at the end

of the problem.

At the end of each aggregate the following items are printed.

NHIST Total number of histories thus far

NCOL Total number of collisions thus far

NTMDG Total number of time cutoffs and degrades
thus far

NABS Total number of absorptions thus far

NESC Total number of escapes and Russian
Roulette kills thus far

ENDEP Total energy depositic'. thus far

CUT Total weighted number of escapes,
absorptions, time cutcffs and degrades
thus far

T Elapsed time thus far

JCOUNT T.: aJ number of particles on the
interaction/transmission tape.

LRN Last Rzndom Nunber Sequencer (see Section 3.2.18)
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For secondary transport problems, NHIST refers to precursor

primary histories. For restart problems, all items except NHIST

are the totals since restart.

Items 2-7, above, are also printed at the end of the problem

as a function of region.

Subroutine TRALA

Used for flux-at-a-point.

Given an initial point XB and a direction We, the routine

will track from XB in the direction WB. The tracking will con-

tinue until the distance "R" measured from X- -s reached.

During the tracking, the routine will form

AMDA= Ri.i i

Where R. is the geometric thickness of region "i" and Ii is

the total macroscopic cross section of region i. The quantity AMDA

is the number of mean free paths along the line segment from XB

to xB+ (WB).(R).

Subroutine TRALAV

Used for flux-in-a-small-vGlume.

Similar to the TRALA ex&'ept that AMDA refers to the track

length (mean free paths) from X'B to the detector volume, and

R is the track length (cm) through the detector.
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3 .3.3 Overl~ax Structure of SAM-F

The following is the overlay structure of SAM-F.

0,0

SAMF
GETIR
NDSE
GGTEC

RANF
REED

* SEEK
TIMEX

WRIT

1,0 TROPIC 4, 5,0
AGOMADT AORTAMONTE A14OUTGARB DSLYANISOT 

EDITAGCEOM HEMAG UGCHKBD ___CARRE
GCHKRG 

CARLOGCHRPP CARSCA
GCROSS ,12,2 2,3 DIFFUGDOT -. jDIFFUS
GEISI AUTOBA BAND INPUTD DIREC
GEQUI' CHITAB FILL INPUTE RILENTHS SOUDRGEXTRA t RANDW TDIFIN DR3

GIROBDRGE
GIRTWB 

FLUP
GPOINT 

FLUPV
GRAF IC PICKGRID SOUGAMGUNIT ISOUGEN
GVECTRI 

SOUPtC
TALLY
TERPLWRT14
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3.3.4 Glossary of Important Common Arrays

The following is a description of each variable in blank

COMMON and in some of the more important labeled common arrays.

"Blank" Common

EOUT(100) An array containing the output anerg% bins
for flux results. The aray contains all bins for
all output supergroups.

EWTAB(50) The energy mesh. for energy importance
sampling.

ANGLE(50) The cosine mesh for angular importance
sampling.

TTAB(50) The time mesh for time dependent problems.

14ASTER(7,000) The master storage array containing input and
7lux data. A complete description appears in
Appendix H. The array is equivalenced with
array ASTER.

KDUM Dummy variable needed by function NDQSET to
change the memory allocation for the MASTER array.

COMMON REGPAR

ISC The scoring region number for region IR.

NREG The composition number for region IR.

IRW The location, a,' MASTER, of the energy weight
for rY.gion TRo

IEW The location, in MASTER, of the energy weight
table for region ZR.

IAM The location, in NIASTFR, Of Lhe aiminq angle
for req.ion r,

IANG The iocat--, in IAt-nTFR, Of the anqclar weiqhr
"tabie tor reg-ion i,.



Common INPUT

NSTART If the expected real running time (seconds)
after two additional aggregates exceeis NSTART
the code will terminate the Monte Carlo and edit.

NSTOP Number of the last history to be treated.

NSTAT Number of histories per statistical group.

NRMAX Number of regions in the geometry.

NG Either 0 for a neutron problem or 1 for a
gamma problem.

NT Number of output time bins.

NOUT Number of output energy bins.

NUMSC Number of flux scoring regions.

NRWL Number of distinct region wzights.

IREX The escape region number.

NEWL Number of energy bins for energy weighting.

NEW Number of distinct energy weight sets. If
NEWL and NEW=O, the problem contains no energy
weighting.

NAIML Number of distinct aiming angles.

NUMANL Number of angular bins for angular weighting.

NUMANG Number of diStinct angular weight sets.

JRT Not used.

ECUT Low energy cutoff (ev). Tracking of a particle
is terminated if its energy degrades the problem.

ETHERM Thermal energy if a thermaal group is required.
ETHERM must be within the energy limits of the
problem.
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TCUT Time cutoff.

FZ See discussion in Section 3.2.10.

EHIGH High energy cutoff (•v). This should be less
than or equal to the iighest energy for which
cross sections are available.

EBL Lower bound of the current supergroup (ev).

EBH Upper bound of the current supergroup (ev).

Common PAREM

XB(3) The X,Y,Z coordinates of the current particle's
starting point (cm).

WB(3) The direction cosines of the current particle.

E Energy of the particle (ev).

IR Region number of the particle.

T Time of flight of the particle.

IDET A detector number used in detector calculations.

F Importance sampling parameter.

NHIST Current history number.

WC An extra "carry-along" weight parameter.

J12345 A particle type flag (see the discussion of PICK).

WP(3) Dir -tion cosines of particie after scatter.

XPf3) X,Y,Z coordinates of current position (cm).

EPRIM Energy after scatteai (ev).

ATWT Atomic weight of scattering element.

NCDB Interaction type indicator (see discussion of DR3).

CSTHT Cosine ot scattering angle.

U Total macroscopic- cross section cit energy E
for region .rR.
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LCHI Not used.

IATWT Identification digit of the scattering element.

IERR Error indicator.

IDBG tebug printout flag.

IW2RIM N~xt region to be entered by the ray.

NASC A flag to initiate the 'GI' routine for a new
ray.

LSURF Not used in Monte Carlo. In geometry package
it refers to the number of the intersected surface.

4

NBO Not used in Monte Carlo routines. In geometry
package it refers to "body number".

LRI

LRO

RIN

ROUT

KLOOP
Geometry subroutine parameters.

LOOP

ITYPE

PINF

NOA

DIST

Common COMPUT

NUMNOU The product of NUMSC (the number of scoring regions)
and NOUT (the number of output energy bins).

JONUM An index used in flux scoring.

LNCOL The location in MASTER of the collision by
region table.

LENDEP The location in MASTER of the energy depositior
by region table.
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LREGT The location in MASTER of the region data table.

LNESC The location in MASTER of the escapes by region
table.

,"JCUT The location in MASTER o the weighted number of
escape*, absorptions t.'-ý cutoffs and energy degrades
by region table,

LLAST The location of last word in MASTER used by the
program.

NDQ The size of the MASTER array

LNTMOG The location in MASTER of the time cutoff and degrade
by region table.

LNABS The location in MASTER of the absorption by
region table.

LSCORE The location in MASTER of the flux scoring array.

LPACK Not used.

NTOT NUMSC times (the number of energy bins in the
largest supergroup),

LGEOM Not used.

LEGEOM Location prior to start of output storage in
MASTER array.

KSOUR Last location in MASTER array prior to source data.

Common FAP

XAD(25) The array of X-coordinates for the detectors.

YAD(25) The array cf Y-courdinates for the detectors.

ZAD(25) The array of Z-coo:ýdinates for the detectors.

IDD The ntimber of the detector being processed.

NDFAP Not used.

NDFT The total number of 4etectors.

LSCFAP The location in MASTER of the scoring array for
detector fluxes.

LPAFAP Not ucýed.

To alter size of MASTER/ASTER array, change dimensions in
MAIN program.
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3.4 Inputp Output and Tape Assignments

3.4.1 Input Formats

Definitions of all input quantities and corresponding card

formats are given below. The definitions are given in the order

in which the data are required by the code.

Items 1-10 pertain to the Combinatorial Geometry input and

checking.

Items 11-15 pertain to the cross section treatment and

several debug printout options.

The remaining items pertain to the Monte Carlo process input.

(In filling out input the user may wish to refer to

Appendix E which displays the hierarchy of all input energy limits

and tables.)
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3.4.1.1 Geometry Input

Item 1 General Information (Format 415s3l5.5#Al1•JWA)

IGOPT = 0, Suppress both geometry checking and

picture taking options

= 1, Check for body and region description errors

= 2, Make picture(s) of plane slices(s) through

the geometry and/or check user-specified points

- 3, Do both 1 and 2

IESC* Escape Region. (See also footnote 2.)

IORPP* = 0, During geometry checking, suppress full RPP

overlap printout

= 1, During geometry checking, provide full RPP

overlap printout

IPRINT - 0, Print out body and region data which follow

= 1, Print out body and region data as well as the

internal arrays in which they are stored

= 2, Suppress all geometry printout

SCALE Scale Fi :tor. Multiply all Combinatory Geometry

dimensions by this factor. (Default - 1.0)

MA Title, 45 arbitrary Hollerith characters

* These items need be enterod only if IGOPT - 1 or 3.
Otherwiss, they may be left blank.

** The escape region is a special region which generally
encloses all other regions. In the ray-tracing part of
the code, rays entering the escape region are terminated.
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Item 2 Body Cards (Format 2XA3,lX.A4,6E1l0.3)

The computer assigns to each body an ordinal number which
depends on the order in which the body cards are read in.

Therefore, it is most important that the card sequence match

the numbering sequence.

Nine different body types may, be employed. The standard

format for each body is as follows.

Columns Input

1-2 Arbitrary (not read in)

3-5 Three-letter body identifier

6 Arbitrary (not read in)

7-10 Four characters of arbitrary Hollerith

data (not required)

11-70 Divided into six floating point fields of

10 columns each. Body dimensions are given

here in centimeters.

Table 3.2 describes the input required for each body. The

quantities V, H, etc., were defined in Section 3.2.1.2.

Note that the last card of the body data must be END punched

in columns 3, 4, 5. This is the signal that all body data has

been treated.

219



22 04 MAI

222



Note: Each of the six faces of an ARB are described by a four-

digit number giving the number of the four vertex points at the

corners. The order of specificatior r£ the four points is cop.-

pletely arbitrary. The point specification format is 6(FIO.l)

starting in Column 11. An example is shown below.

7
61 5

FACE 1 2 3 4 5 6

PTS F1653. 3548. 4278. 1762. 1243. 5678.

When the number of faces is less than six, the remaining

face description(s) must be zero, and must appear at the end of

the list.

If a face has three vertices, the omitted position may be

either 0 or a repeat of one of the other vertices.

Eight vertices must always be supplied. Those that do not

appear in face descriptions are ignored.
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Item 3 Region Cards (Format 2XA3,5X,9(A2,I5))

Each region must be numbered and described by a logical com-

bination of the bodies which make up that region. Use as many

cards as necessary to describe each region and begin each region

on a new card.

Columns Inut

1-2 Blank

3-5 Arbitrary non-blank Hollerith Data

6-10 Blank

11-12 Insert (OR) if needed. Otherwise, leave blank.*

13-17** Body number preceded by either the "+" or "-"

operator.

18-73 Divided into eight fields, each being similar to

Columns 11-17. The first two columns of each

field are reserved for the OR operator, if needed.

The last five columns are for the body number

preceded by either the "+" or "-" operator.

Use as many cards of the above type as needed to complete a

region description, but leave Columns 1-10 blank on all continu-

ation cards.

The last region description card must be followed by a card

containing an END in Columns 3, 4 and 5. This informs the code

that all regions have bean described.

* For SAM-F, the source region(s), see item 34, must precede
sequentially any region which is described by the (OR) operator.
For SAM-A, the detector region, (see Section 4.4.1), must
precede sequentially any region which is described by the (OR)
operator.

** Default Option (blank entry) for operator is "+".
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FN=.- If IGOPT (of "tem 1) - 0 or 11

; ~Omit Items 4-10

Item 4 Picture Display Option (Format 215)

NUSE,1BRY. Two flags to control character set used in

picture displays:

NUSE=O; (NBRK ignored) - The standa-Td 46

character set is used (see Item 5

for description). This will cycle

every 46 regions

46>NUSE>l; NBRK-O - The first NUSE standard

characters will be replaced by the

NUSE entries of Item 5. The now-

character set will cycle every 46

regions.

46>NUSE>l; NBRK>NUSE>I

(a) For region numbers <_NBRK, the

character set will cycle every

(NUSE-1) regions

(b) For region numbers >NBRK, the

NUSE character is always used.
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Item 5 Character Set (Format 46A1)

ATABLE(I), I=l,NUSE: The list of characters that are to be

printed for each region. If N>47, the character

is Modulo (46) e.g., N=48 is the same as N-2.*

The standard default values of ATABLE are:

Region Number Character Printed

1 through 9 1 through 9

10 0 (zero)
11 A
12 B
13 C
14 D
15 E
16 F
17 G
18 H
19 I
20 J
21 K
22 L
23 M
24 N
25 0
26% P
27 Q
28 R
29 S
30 T
31 U
32 V
33 W
34 X
35 y
36 Z
37 +
38
39 *
40 /
41
42
43
44
45
46 (blank)

>47 Modulo (46)

• Unless NBRK of Item 4 is -0. Then the character is Modulo

(NUSE-l).
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Item 6 Option Card (Format 215)

IOPTi >0 Will read in, and locate the region of,
S" IOPTI specified points

-0 Will suppress this option

ICPT2 >0 Will take IOPT2 pictures of the geometry

=0 Will suppress this option

SNOTF: Enter Item 7 IOPTI times.

Item 7 Specified Points (Format 3E12.4)

XB(I),I=l,3 Ezter the Cartesian coordinates (cm) of

each IOPTl point to be tested

NOTE: Repeat Items 8-10, IOPT2 times

Item 8 Picture Boundaries (Format 6E12.4L

Y L X, Y, and Z coordinates in the combinatorial*UL geometry of the upper left corner of the picture.
z UL

XLR

YR X, Y, and Z coordinates in the combinatorial
geometry of the lower right corner of the picture

LR

NOTE: Item 8 partially describes the plane of the slice
by defininm two points in the plane and designates
the top, bottom, left and right sides of the picture.
The picture must not enter into the "escape region"
(see Item 1).
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Item 9 Direction Cosines (Format 6E12.4)

X * Direction numbers proportional to the direction

U cosines for the U axis of the picture. The U
Uy axis points down the printed page in the direction

the page moves through the printer, (Note: if the
U Z-Axis is parallel to the edge of the paper andpositive Z is upwards, use (0.,0.,-1&) for (Ux ,U,U ).)

Vz

W'ES: 1) The U and V axes may have arbitrary orientation.
However, if they are not orthogonal the resulting
picture will be distorted,

2) Item 9 completes the description of the ?lane of
the slice by giving a line in the plane. It also
specifies the orientation of the picture on the output.

Item 10 Grid in (Format 215,2E10.5)

NU: Number of intervals to print along the
U axis (overrides DELU).

NV: N~uaber of intervals to print along the
V axis (overrides DELV).

DELU: Spacing (in centimeters) of intervals
along the 0 axis.

DELV: Spacing (in centimeters) of intervals
along the V axis.

NOTE: All four entries are not required as
input. See explanation which follows.
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Additional Comments on Item 10

Either NU or DELU can be used to specify the spacing along

the U axis. If both are given, NU will override DELU.

Similarly, either NV or DELV can specify the V axis spacing

with NV overriding DELV,

If both the U axis spdcing and V axis spacing are specified

by the user, the picture will be distorted (perhaps intentionally)

unless DELV=0o6X DELU, This is because standard printers give

10 characters to the inch across a line but only 6 lines per inch

down the page.

As an aid to the user, if only the U axis spacing (or the V

axis spacing) is specified, the code will automatically set the

other axis spacing so that DELV=Q06XDELUo The picture generated

will thus be undistorted,

The simplest method to obtain the correct results is to

specify two diagonal corners of the plane of thc slice on Item 8,

with the top having the short dimension, if it is not square, and

the side having the long dimension, Then, on Item 9, specify the

U axis to oe parallel to the edge of the slice with the large

dimension (left or right side), Lnd the V axis to be parallel to

the edge of the slice with the smal. dimension (top or bottom).

Fina 7, let the only entry on Item 10 be NV equal to the maximum

nunb,- of characters per line on your printer; this will provide

the lrgest undistorted picture,

The authors usually set NV to :30 and leave the rest of

item 10 blank.



3.4.1.2 Cross Section Input

Item 11 Option and Title Card (Format 413F2(2XpLi) A2,15A4)

IODT - cross section energy banding option

n, do energy banding of croas sections

= 1, energy banding previously done; output must

be available on logical unit 10.

IBEDT- band edit option (applicable only if IODT=0)

= 0, do not display energy banded cross section
arrays

= 1, do display energy banded cross section
arrays

NBAND- number of energy bands in which the cross sections
are to be processed. Use NBAND=0 for automatic
banding or for banding previously done and available
as Tape 10, During tracking, the cross sections in
only oi.: band are in the computer at any one time.
(NEAND<49.)

IDBG - debug printout for tracking of particles

= 0, no printout

= 1, main debug printout option

= 2, same as IDBG=l plus much extra geometry
tracking printout

= 3, same as IDBG=l plus gamma ray production
data printout

= 4, same as IDBG=2 plus gamma ray production
data printout

SSDRI= 0 (or F) no debug printout from subroutine DR1

= T debug printout from subroutine DR1

SSDR> 0 (or F) no debug priatout from subroutine DR3.

= T, debug printout from subroutine DR3.

NAME Title; any 62 arbitrary Hollerith characters
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Item 12 Cross Section Band Limits (Format 5E15.6)

Enter the energy limits (in ev) of each band starting with

the highest energy and proceeding to the lowest energy. There

must be NBAND+I entries, using as many cards as necessary. The

energy bands must exceed the energy range from EHIGH to ECUT

(see Item 21 below).

NOTE: If IODT (of Item ii)=l,
omit Items 13,14 and 1J

Item 13 Composition Identification (Format I10)

NCOMP - total number of compositions in the problem.

NOTE: Repeat Items 14 and 15 for
each (NCOMP) composition.

Item 14 Number of Elements (Format I10)

NE - number of nuclides in present composition (<10).

NOTE: Repeat Item 15 for each (NE) nuclide
in present composition,

Item 15 Element Card (Format 1OX,Il0,EI5,6)

ID - an integer which identifies the nuclide (5 decimal

digits ZZAAA)

ZZ = atomic number

AAA = truncated atomic weight for a nuclide

= 000 for a naturally occurring mixture of isotopes

CONC - atomic concei.tration of nuclide in this composition
in units of ±024 atoms/cm3 .*

Calculate by nmultiplying weight density in material (grams/cm3 )
.6023

by '6023 , where A = non-cruncated atomic weiqht anci .6023

= Avogadro's Nher' in units of 10214 atoms/gm. Zor a vaca•uu
description, - ruishingly small, out nonzero, concentration,
for example, 1,E-10



3.4.l.3 Moate Carlo Input

Item 16 Start/Restart Information (Format 120,Il0)

LRN* Number to initi-.te random number generator
(see Section 3.2.18). If zero (ot blank),
the default option (=1) will be useI.

IRSTRT Number of histories previously processed.

=0 New computation; calculations
ctart at history 1

>0 Restart; calculations start at
history IRSTRT+l and previously
generated logical file 16 must
be available.

Item 17 Statistical Data (Formats 3110,815)
NSTART The number of real time seconds of running

time before terminating and editing.**

NSTOP Number of the last history to be treated.

NSTAT Number of histories per statistical group.

NRMAX Number of regions in the geometry.

NG Enter 0 for a neutron problem or 1 for a
gamma problem.

NT Number of output time bins (enter 0 for a
time-indeptendent problem). (<50)

NOUT Number of output energy bins. (<100)

NUMSC Number of flux scoring regions. (>I)

NRWL Number of distinct region weights.

IREX The escape region number.

JPRINT =0, print out Monte Carlo input data

=1, suppress all but a limited amount of
Monte Carlo input d'ita printout.

* For restart option LRN should be equal to the final (printed-out)
value of LRN in the previous run, As a convenience, the code
will automatically set LRN to this value if LRN is entered as
zero (or blank).

** Upon completion of each statistical aggregate the code esti-
mates the total (real) runni:,g time at the end of two addi-
tional aggregates, If this time exceeds NSTART (seconds) no
new aggregates will be started and cont'ol is switched to the
edit overlay, AMOUT.
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Item 18 Transmission-Interaction Information (Format 1015r2110)
SzIRT(1)

IRT (2)
IRT(3)
IRT(4)
IRT(5) Transmission region numbers.
IRT(6) Leave blank if no transmission region.
IRT (7)
IRT(8)
IRT(9)
IRT(10)

IWE (col.60) Enter a "1" if neutron elastics or photon
Compton scattering evente are to be recorded
on tape, otherwise leave blank.

IWO (col.70) Enter a "I" if absorptions and neutron inelastics
are to be recorded on tape, otherwise leave blank.

Item 19 Number of Detectors (Format 2110)

NDVOL * Total number of flux-in-a-small volume detectors.
(NDVOL+NDSE<25)

NDSE Total number of point detectors.

NOTE: If (NDVOL+NDSE)=O, omit Item 20,
otherwise, one card for each NDVOL
detector and then one card for each
NDSE detector is required.

Item 20 Detector Description (Format 3E14.6,I5,E13.6)

XAD,YAD,ZAD The XY,Z coordinates of each detector. For
small volume detectors, enter any point within
the detector. The geometry scale factor (Item I)
does not apply; XAD,YAD,ZAD and CRAD (below) must
be in centimeters.

IRDET** (Point Detectors Only.)
Region for definition of 3ritical radius (CRAD)

=-l Critical radiu~s (CRAD) will be read
in as the next entry on this card.

=0 Critical radius will be computed based
on the concentration of the region in
which the detector is actually located.
(See foctiiote below)

=N (N>O) Critical radius will be computed
based on the concentration of region N
(See footnote below)

CRAD** (Point Detectors and IRDET=-I Only)
Enter the critical radius (cm.)

* All smiall vo u---regions must be lower in order than any
region described with the "OR" Combinatorial Geometry operator.

•* CRAD is the radius of the "critical sphere" surrounding the
detector. Denoting ci es the concentration of the "i-th"
nuclide in the specified region, CRAD(•ci)-I. Generally use
the default (blank option) for IRDET. 1
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Item 21 Cutoff Information (Format 4E14.5)

ECUT Low energy cutoff (ev). Tracking of a particle
is terminated if its energy degrades below ECUl.
However, for the thermal option (see next entry)
the particle is not terminated but is restored,
in energy, to ETHERM. ECUT must be greater than
the lowest energy for which cross sections are
available.

ETHERM Thermal energy (ev), if a thermal group is
required. For no thermal treatment, leave this
entry blank. For thermal treatment, set ETHERM
slightly above ECUT.

IMPORTANT NOTE: NBAND must equal 0 on item 11
in order to use this option.)

FZ Genervally, .0'<FZ<.10. (See discussion
Sectio.)n 3,2.10). -At MAGI, FZ = .05 is usually
used.

EHIGH High energy cutoff (ev). This must be less than
the highest energy for which cross sections are
available.

Item 22 Output Energy Bins (Format 5E14.5)*

These cards give the boundaries of the output energy bins

(ev) used for thG flux edit. There should be five entries per

card with a total of (NOUT+l) entries. The energies should be

listed from high to low. The first and last entries should be

negative. Any number of negative intermediate energies may also

be used, and these negative energies define the output supergroup

structure (see Section 3.2.3). Note: EHIGH and ECUT must be

within the output energy bins.

* The complete energy hierarchy for SAM-F is given in Appendix E.
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Item 23 Output Time Bins (Format 5E14.5)

These cards give the boundaries of the output time bins.

I •There should be five entries per card with a total of (NT+l)

entries. However, if NT=O, omit Item 23 entirely. Times should

be entered from high to low with the last entry equal to 0. The

first entry defines TCUT, the time cutoff.

Item 24 Region Weights (Format 5E14.5)

These cards give all of the region weights needed in the

problem. They are entered five to a card with a total of NRWL

entries. The weights need not be entered monotonically by value

but their order determines the region weight numbers (i.e.,

entry one is weight #1, etc.).

Item 25 Region Specifications (Format 615)

Use one card per region with a total of NRMAX cards. The

first card applies to region 1, the second to region 2, etc.

ISC Scoring region number in which the fluxes in this geo-
metric region are to be stored. Several regions may
be assigned the same ISC number. If ISC=0, fluxes
will not be stored. There must be at least one scoring
region.

NREG Number of the composition to be found in this region.

IRW Region weight number assigned to this region. A weight
number is given by its position in the list of region
weights.

IEW Energy weight set number assigned to this region. If
IEW=O, there is no energy weighting in this region.

IAN Aiming angle number assigned to this region. If IAN=0,
there is no angular weighting in this region.

IANG Angular weight s .t number assigned to this region.
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Item 26 Energy Weight Specification (Format 2110)

NEWL Number of energy bins for energy weighting. -(<49)

If NEWL-0 there is no energy importance sampling.

NEW Number of distinct energy weight sets.

NOTE: If NEWL=0O, omit Items 27 and 28

Item 27 Bin Limits for Energy Weights (Format 5E14.5)

Enter the boundaries (ev) of the energy bins to be used for

energy weighting. There should be five entries per card with a

total of (NEWL+l) entries. The energies should be entered in de-

creasing order. The lowest bin limit should be less than ECUT;

the highest energy should be greater than EHIGHo

Item 28 Energy Weight Sets (Format 5E14.5)

The energy weight value in each of the above energy bins

should be entered. One or more sets of energy weights may be

entered. Each set should contain NEWL entries and a new card

should be used to start each set. There should be a total of

NEW sets. The order in which the sets are entered determines the

energy weight set numbers (the first set is weight set #1, etc.).

Item 29 Angular Weight Specifications (Format 4110)

NAIML Number of distinct aiming vectors. If NAIML=0 there
is no angular importance sampling.

NUMANL Number of angular bins for angular weighting. (149)

NUMANG Number of distinct angular weight sets.

IAIS =0 normal angular importance sampling (bias transport)
=1 bias source direction from an isotropic source

(no transport biasing).
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Item 30 Aiming Directions (Format 3E14.5)

Enter the direction cosines of each aiming vector with

respect to the XY,Z coordinates. Use a total of NAIML cards.

Item 31 Bin Limits For Angular Weights (Format 5E14.5)*

Enter the boundaries of the angular bins to be used for

angular weighting. Boundaries are given in terms of the cosines

of the angles with respect to the aiming vector, with the first

entry equal to 1.0 and the last entry equal to -1.0. There are

a total of (NUMANL+I) entries.

Item 32 Angular Weight Sets (Format 5E14.5)

The angular weight value in each of the above angular bins

should be entered. One or more sets of angular weights should

be entered. Each set should contain NUMANL entries and a new

card should be used to start each set. These should be a total

of NUMANG sets. The order in which the sets are entered de-

termine the angular weight set numbers.

If point detectors are used, there is a present restriction

upon the choice of the angular weighting bin limits; the
"critical volume" surrounding each point detector cannot
overlap more than one angular bin.
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Item 33 Source Specifications (Format 4110)

NSR Number of differ' • - )urce regions in the problem.

If NSR=0, an external source or a previously gener-

ated transmission tape (tape 15) is used and no

further source input is required after this card.

If NSR<0, a previously generated interaction tape

(TAPE 15) and a gamma ray production data tape

(TAPE 12) are supplied. Skip to Item 40. For NSR<0, U

INSRI is an upper limit on the number of secondary

gamnma rays which can be generated.

IFLAG Number of energies used in Item 35 to define the

source spectrum. If IFLAG-l, a monoenergetic source

will be used. If IFLAG=0, a built-in Cranberg

fission spectrum will be used for a neutron problem.

(IFLAG<150).

ISW If ISW=0, fluxes will normalize to one source particle.

If ISW=l, fluxes will be normalized to the total

source power as given in the next card.

ISWW For external source (NSR-0) only. ISWW-0 means dis-

tributed source (must be isotropic). ISWW#0 means

monodirectional source - usage is the same as for ISO,

as described below in Item 34. If a transmission tape

is used, ISWW is irrelevant. In case NSR<0, ISWW is

automatically set =0.
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I NOTE: Enter Items 34-38 Only if NS

Item 34 Source Regions (Formats I10,E20.l0,IlO)

One card is required for each source region with a total of
NSR such cards

ISR* Geometrical region number
P Total power in the region (aource particles per

unit volume x total volume).
ISO** If ISO=O, the source will be emitted isotropically

(direction may be biased, however. See Item 29).
If ISO=+l, the source will be monodirectional, with
the direction specified on Item 38. No uncollided
estimates are allowable for point detectors with ISOOO.
If ISO=-l, the source will be monodirectional and the
code will not try to score uncollided estimates for
small-volume detectors.***

* Sources can be generated only in regions consisting of single
bodies. The body must be a sphere, right circular cylinder,
box, or rectangular parallelepiped. Also, the source regions
must be lower in order than any regiondescribed with the "OR"
Combinatorial Geometry operator.

** ISO must be the same for all source regions.

*** For certain geometries, involving small-volume detectors, no mono-
directional uncollided rays can intercept the small-volume detectors.
Setting ISOa-l, will save computer time, by instructing the code not
to try to score uncollided fluxes. Under these conditions, ISO0+l
is not incorrect, it is merely inefficient.
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tOmi Item 35 If Built-In Fission
Spectrum Is Being Used

Item 35 Spectrum Description (Format 220°.8)

These cards give the integrated source specttrum. Each card

contains an energy (ev) and the integrated source above that energy,

E (1)
S(E)dE. The first card contains the upper energy of the source

with the integral equal to 0. The last card gives the lowest energy

of the source with the integral equal to 1.0.* The lowest energy

of the source should be less than ECUT. The highest energy of the

source should be greater than EHIGH. 'f a monoenergetic source is

desired, (IFLAGb of Item 33, =1),enter one card only with the

desired value of energy in the first field and a zero (or blank)

in the second field.

NOTE: Omit Items 36 and 37 For A
Time-Independent Problem

Item 36 Time Specifications (Format I10)

NOT Number of time values used in Item 36 to specify the
time distribution. If NOT=l, all radiation will be
emitted at one value of time.

Item 37 Time Distribution (Format 2E20.10)

Each of these cards should contain a time value and the corres-

ponding integrated source up to that time S(t)dt. The first

entry should correspond to the longest time with the integral equal

to 1.0. The last entry is for time equal 0 with the integral equal

to 0. If all radiation is emitted at one value of time (NOT of

previous item, =1) enter that value of time as the first field, and

a zero (or blank) as the second item.

* In the present version, exponential variation is assumed between
energy values. (The first cumulati,;e integral value of 0.0 is

set internally to 10"27.) If exponential ?ariation is not de-
sired, use enough energies so that the cumulative curve approaches
the same cumulative curve as for linear variation between energies.
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Item 38 ,onodirectional Source (Format 3E14.5)

If, on Item 34,ISO=l, the direction cosines of the mono-

directional source with respect to the X,Y,Z coordinate axes should

be entered. If ISO=O, omit this card. _Do not use angular weightin

in the source regions if a monodirectional source is specified.

NOTE: Enter Item 39 only if ETHERM of Item 21
is >ECUT n

Item 39 Thermal Neutron Diffusion Card (Formats I0l,6ElO.2)

This card specifies the thermal diffusion box. If the thermal

cross section option is being invoked (ETHERM>ECUT) but the thermal

diffusion option is not desired, leave this card blank.

ICOMP composition number of diffusing medium
Xmin'Xmdx1

Ymin'ymax coordinates of the diffusing box (rectangular

z 1 n, z iparallelepiped)*

* The diffusion box is currently limited to a single rectangular
parallelepiped with edges parallel to the Cartesian coordinates.
The box can overlap, or partially overlap, any number of regions
provided they all consist of the same material composition. The
diffusion box should have dimensions of at least several trans-
port mean free paths. The input routine actually suppresses the
diffusion option if any dimension is less than three transport
mean free paths. Furthermore, it is recommended that the sides
of the diffusion box be kept a few mean free paths from any
substantial heterogeneity.
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I NOTE: If no volumes are to be c uted, I
enter a blank card for Item 40.

Item 40* Volume Computation Parameters (Format 2II0,3EI0.2)

NMA The number of rays to be fired for volume computation.

NST The number of rays in a statistical aggregate for tke
purpose of error computation.

XY,Z They X,Y,Z coordinates of the point from which ray
are to be fired.

NOTE: If no precomputed volumes are supplied,
Item 41 is a blank card. As many pre-
computed volumes as desired (in ascend-
ing region number) may be supplied. In
any case, the last card must be blank.

Item 41* Precomputed Volumes (Formats 110 El0.3)

IP Region number of precomputed volume

VP Precomputed volume (cm3 )

Item 42 Response Function Data (Format I10)

NRESP Number of response function sets to be applied to
all number flux spectra computed by the Monte
Carlo game, (-l<NRESP<6).

If NRESP=O, a single response function which is
always unity will be applied, and the response
will be number fluxes.

If NRESP=-l, a siiigle response function which is
the average energy of the output energy bin will
be applied, ar.d the response will be energy fluxes.

If NRESP=O or -1 Item 43 need not be applied.

* If no volume computation and no precomputed volumes are
desired, then 2 blank cards corresponding to Items 40
and 41 are supplied. All volumes which are neither
computed nor precomputed will be set to 1.0 by the code.
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Enter the following NRESP times

Item 43 (Format 5E14.5)

R(E) The response data, in the same order as the
output energy bins, Enter NOUT numbers for
each set where NOUT is the number of output
energy bins defined, above, in Item 17. If
energy integrated fluxes are desirel enter
an entire response set of unity.

The response for each NRESP function sets is:

D= jE {i-EEi++I) (Ei-Ei+1) (R (E i)).
* i=l

3.4.2 Description of Output

The printed output consists of five parts:

1. Geometry data

2. Cross Section data

3, Monte Carlo data

4. Intermediate results

5. Results of the Monte Carlo calculation

These five parts are discussed below.

Geometry Data

The printed geometry output is basically a repeat of input

data. in addition, the storage requirements in the geometry arrays

are also given. As an option a printout of the internal arrays

may be supplied . It is also possible to suppress all geometry

data printout.

Various extra printout will be obtained if the geometry

checking or picture taking options have been invoked.

Cross Section Data

The printed cross section outpu6 is basically a repeat of

the input.



Each element encountered on the EDT is identified evei. if

a particular element is not used in th1e problem. Thus, if an

element not on the tape is specified a complete list of all

elements on the tape is printed and the program will terminate.

The total length of each band is printed out and if re-

quested, a printout of the eneigy banded cross section arrays will

also be provided.

Monte Carlo Data

The Monte Carlo printed output data are basically a repeat

of the input data.

Intermediate Results

All the parameters of the first few source particles are

printed out. In number, this is the smAller of either two aggre-

gates or 50 lines of printout. The program will also print for

each statistical aggregate the following items:

Number of completed histories

Number of collisions

Number of time cutoffs and energy degrades

Number of absorptions

Number of escapes (Each estimate times pazticle weight)

Total energy deposition (Including by scattering and ab-

&orption events. Also, energy of particle killed

by time cutoff or energy degrade is included)

Numjier of deaths (Including losses due to escapes, ab-

sorptions, time cutoffs and energy degrades. Each

estimate times particle weight).

Th, number of transmissions and interactions recorded on

tape 14.

Last random riumber sequenrer •See nection 3.2.19)



Note that all but the last of the above items are cumula-

tive. All items are printed as a single line for each aggregate.

Results of the Monte Carlo Calculation

When all the histories have been rrrzessed, a printout

giving the total number of absorptions, inelastics, and trans-

missions will occur.

The previously discussed tallies as a function of aggregate

will be repeated as a function of region. Thus, for each region

the number of collisions, escapes, absorptions, etc., will be

printed.

The flux and flux-functional (e.g., dose) printouts will

occur next. The arrangement of the edit is as follows:

The edit is first separated into the output energy super-

groups specified by the input. The supergroups are presented in

order of descending energy,

Within each supergroup, the edit is next separated into

time bins in order of descending time. The time limits as well

as time width of each• bin are printed out. Following the last

time bin, results are also presented, summed over all time.

Within each time bin the resulLs are presented first for

the scoring regions and then for the detectors (point or small

volume, if any).

The region (or detecter) edits are presented five regions

dcross the page and by descending energy groups down the page.

Within an energy qroup che results are flux per ev, per second,

per 3ource particle.* (If thL volume of a region was neither

* For t)rietiary rld iatlorn Lanslport _,robltnus the iesults aire
normaiized pet rimay radi~ton partlcle.



preset nor internally calculated, see input Item 41, then the

region and small volume detector answers must be divided by the

region vclume. Por point detectors this is never necessary.)

For each flux answer a statistical percentage error is given.

(The description of the flux and statistical percentage error

calculation is given as Appendix I.) Following the last energy

bin the energy-integrated results are presented for each response

set. This is, for each set, the sum over all energy bins of the

flux in the energy bin, times the energy width of the bin, times

the appropriate value of the response function set in the bin.

3.4.3 Tape and Disk File Assignments

The following are the file (magnetic tapes or disk) assign-

ments of SAM-F. Those assignments which correspond to the use of

various options, are so labeled. File numbers refer to FORTRAN

logical numbers. All files used are in the binary mode except for

file 11 which is BCD mode and contains 80 column card images.

File 8 (Option)

This is used as a scratch working file when automatic

banding is performed. It is also used as the sorted interaction

tape for secondary gamma ray problems.

File 9

A temporary storage disk file used by the BAND subroutine.

Subsequently, the file is also used for temporary storage of

particle latentr, in the PICK routine, where it is referred to, anc

equivalenced to, file 18.

File 10

The organized data file (ODT). The file contains cross

section data for a given problem. The structure of file 10 is

given in Appendix C. File 10 may be saved for future runs.
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File 11 (Option - may be omitted if File 10 from a

previous run is saved.)

The element data tape (EDT). The file contains a library

(SAM-X Output) of available elements. Subroutine BAND uses this

tape to get the data for a given problem. BAND and its subsi-

diary routines are the only routines using this file. The organi-

zation of the EDT is given in Appendix A for neutrons and B for

gamma rays.

File 12 (Option)

The file contains secondary gamma ray production data.

(SAM-X Output).

File 13 (Option)

This file contains the organized secondary gamma ray pro-

duction data. It is derived from file 12.

File 14 (Option)

The interaction/transmission file. All interactions and

transmissions are written on this file for use in subsequent

problems.

File 15 (Option)

An external source file. The file may also be the inter-

action/transmission file (File 14) from a previous run, if i'- is

being used as a supplier of new source particles.

File 16

The statistical aggregate tape, The AMONTE routine uses

this file to record each completed aggregate. The edit routines

then process the file to obtain the final flux, and flux-functional

results.

File 17

A temporary storage file for latents. The tape is used by

the PICK routine.
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File 18

See File 9.

In addition, Files 5 and 6 are the standard input and output

media, respectively. File 7 has been reserved for possible

future (or ad hoc) use as the standard punch medium.

3.5 Variable Core Size Requirement for the SAM-F Program

At the present time, the standard version of SAM-F loads at

120,000 - 130,000 octal locations on a CDC 6600 machine; the exact

amount depending on the given computer facility. This required

core allocation can be reduced or increased under certain conditions:

(1) The MASTER array holds the cross section band data as

well as the output scores in the appropriate bins. The size of

the MASTER array, presently 7,000, is set in the blank COMMON

statement in SAMF (Main Routine). This dimensioned size is re-

ferred to as "NDQ". The user may be able to reduce this value

even further. (Do not reduce NDQ below 4000.) On the other hand,

the user may wish to increase NDQ to increase the output scoring

bin capability (see Section 3.6) or to accommodate ;n unusually

large bloc of gamma ray production data for a given nuclide.

Note that the number of cross section bands and thus the

amount of internal tape reading and writing increases with de-
4

creasing values of NDQ. The user will have to strike his own

balance. At MAGI, NDQ=7,000 to 10,000 is usually used.

(2) The FPD and MA arrays are used in the geometry routines

to store body and region data, respectively. At the current

dimensioned values (4000 each), about 400 bodies and regions can

be treated by the code. The user may wish to reduce these arrays.
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(3) Ovferlay AMONTE is the usually largest of the five

primary overlays. AMONTE can be reduced, and thus SAM-F reduced,

under the following conditions:

(a) if no point detectors are required, it is not
necessary to load ARG, ARPREP, FLUP and
TRALA.

(b) if no small-volume detectors are required, it ib
not necessary to load FLUPV and TRALAV.

(c) if the thermal diffusion option is not required,
it is not necessary to load DIFFU and DIFFUS.

(d) for primary gamma ray problems it is not necessary
to load ANISOT.

3.6 Limitations Upon Size of Output Scoring Arrays

The size of the MASTER array may have to be adjusted (see

Section 3.5) to accommodate desired output scoring array require-

ments. In addition to individual array limitations given in the

Monte Carlo Input (Section 3.4.1.3), the follcwing limitations

upon NDQ must be observed:

(a) NDQ>2 [MAX) (NT) (NUI4SC+NDET) + UC

where MAX = maximum number of energy bins
in any supergroup

NT = number of time bins

NDET= number of detectors

NUMSC = number of scoring regions

(b) NDQ>LEGEOM + (MAX)(NT)(NUMSC+NDET) + 12NRMAX

+ NRWL + (NEWL)(NEW) + 3NAIML + (NUMANL)(NUMANG)
+ 2LFOG + 4NSR + (JSPEC)(NSP,+i)
+ (NUMANL+l) (NSA) + 3

where LEGEOM = storage allocated for cross sections

(printed out)

NRMAX = number of regions

NEWL,NEW = number of energy importance sampling
energy bins and weight sets, respectively

* Sometimes Overlay APORTT is the largest overlay. ASORTT can
be replaced by a dummy piogram if a secondary gamma ray problem
is not being iun.
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NAINL,NUMANLI,NUMANG = number of angle importance
sampling aiming vectors,
angular bins, and weight sets4
respectively

LFOG - number of energies in source spectrum

NSR = number of different source regions

JSPEC = number of energies (between EHIGH and
ECUT) used to describe energy importance
sampling

NSENSA = number of source regions which have
energy and angle importance sampling,
respectively.

A violation of either condition "a" or "b" will cause the

code to print out a warning message and will terminate execution

of the computation.

3.7 Error STOP Messages

Throughout the code various types of error conditions will

cause execution to terminate. Each such stop is identified with

a numbered STOP printout - often accompanied with extra diagnostic

printout.

Table 3.3, below, provides the entire dictionary of SAM-F

STOP messages.
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TABLE 3.3

ERROR STOP MESSAGES

* iSTOP
SNUMBER ROUTINE OVERLAY MEANING

4 1 SAMF 00 Execution went to completion.

11 GG 0,0 ITYPE error. (ITYPE<i or
ITYPE>10)

21 G1 0,0 Region not found.
I

25 SEEK 0,0 Vector out of range.

31 TROPIC 0,0 Error in generating random
cosine Ly the rejection technique.

1 1001 GENI 1,0 ITYPE error. (ITYPE<I or
ITYPE>10)

1003 GCHKRG 1,0 Too much data to continue
geometry checking.

1011 THERM 2,0 Cumulative input data too great.

1101 AUTOBA 2,1 Too many pointers for element
data.

1103 AUTOBA 2,1 Cross section upper energy
is below upper energy of problem.

1105 AUTOBA 2,1 knisotropic continuum inelestic
data given. Coding not presently
available to treat this option.
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STOP
NUMBER ROUTINE OVERLAY MEANING

1107 AUTOBA 2,1 Cross section lower energy is

is above lower energy of problem.

1111 AUTOBA 2,1 Elemental data is missing.

1113 AUTOBA 2,1 Index mismatch. Memory probably
clobbered.

S

1121 CHITAB 2,1 Error in order of energies for
chi-tables.

1123 CHITAB 2,1 Index mismatch. Memory probably
clobbered.

1201 BAND 2,2 Too many composition elements.

1203 BAND 2,2 End of data tape reached.

1205 BAND 2,2 Element has too many pointers to
be processed.

1207 BAND 2,2 Error in processing continuum
inelastic scdttering.

1211 BAND 2,2 Band of data is too large

1221 FILL 2,2 Error in processing energy tables.

1231 LENTHS 2,2 Index ý2 for El<EBH

1233 LENTHS 2,2 Index =1 for E>EBLX

1401 INPUTD 2,3 Negative region found for a
detector.

1403 INPUTD 2,3 No room for input data.
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STOP
HumaE ROUTINE OVERIAY MEANING

L 1421 SOUCAL 2,3 IEW is negative

1423 SOUCAL 2,3 IEP is negative

1425 SOUCAL 2,3 All EWTAB are less than EHIGH

1427 SOUCAL 2,3 ISAW(1) is negative

1431 SOUCAL 2#3 IEMP is negative

1433 SOUCAL 2,3 ISEW is negative

1435 SOUCAL 2,3 ISAW is negative

1437 SOUCAL 2,3 ISAT is negative

1441 SOUCAL 2,3 Angular importance sampling is
given for an anisotropic source

1442 SOUSEC 2,3 More than 30 distinct nuclides.

1443 SOUSEC 2,3 Too many pointers in gamma ray
production data set.

1444 SOUSEC 2,3 Miscellaneous reasons. See
accompanying diagnostic printout.

3001 ASORTT 3,0 Too many interactions events per
aggregate

4001 AMONTE 4,0 Output mesh error.

4003 AMONTE 4,0 More than 1000 statistical aggregates

4005 AMONTE 4,0 Limit of DO loop variable exceeded.

4007 AMONTE 4,0 No aggregates completed

4011 ARG 4,0 DELTL>1.0
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STOP
NUMBER ROUTINE OVERLAY MEANING

4013 CARLO 4,0 Limit of DO loop variable exceedec.

4014 DR3 4,0 Limit of DO loop variable exceeded,

4015 FLUPV 4,0 Wrong body type for small
volume estimation.

4017 FLUPV 4,0 J12345 error

4021 PICK 4,0 Various indices have forbidden

4023 PICK 4,00 values. Most likely memory has

4025 PICK 4,0 been clobbered.

4027 PICK 4,0

4031 PICK 4,0 No room left in memory to
store latent.

4033 SOUGAM 4,0 Limit of DO loop variable exceeded

4035 SOUGEN 4,0 Illegal source region.

4036 SOUPIC 4,0 Error in IR or J12 index.

4037 TRALAV 4,0 IRPRIM<0
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SECTION 4 - PROGRAM SAM-A

4.1 General Description of the SAM-A Program

SAM-A is an adjoint Monte Carlo code designed to calculate

the response, at point or finite volume detector locations, due

to fields of primary and secondary gamma radiation. The "response"

may be either fluxes, or flux functionals, such as dose, heating,

counting rates, etc. For the case of secondary radiation, the

gamma ray sources are generated from recorded neutron interactions

produced by running a precursor SAM-F primary neutron problem.

Alternatively, the code can be used to generate adjoint

currents on the surface of a specified configuration (see below).

These currents may subsequently be combined with available ambient

radiation fields to yield the fluxes or flux functionals. In

this mode, SAM-A thus operates as a "vulnerability" code.

In the Monte Carlo calculations, uncollided gamma ray contri-

butions are made in the usual manner, i.e., by a simple e- A/4rR2

type estimate, usually multiplied by appropriate weight factors.

Estimates of the collided contributions, however, are made by

means of an adjoint Monte Carlo game 3. Thus the Monte Carlo his-

tories start at the detector, time is as-amed to run backwards

and simulated interactions are made by use of adjoint collision

mechanics. At each photon interaction point estimations of the

collided contributions are made back to the source.

The gamma cross section and secondary gamma ray production

data, used by SAM-A, come from ENDF and are preprocessed and made

available by program SAM-X (see Section 2).
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The important features of the program are described below:

(a) Use of the Combinatorial Geometry technique for de-

scription of complex three-dimensional configurations.

This technique affords the user geometric capabilities exceed-

%ng those available with other commonly used geometric packages.

(For secondary problems, the SAM-A program can use the same

geometry input as used in the primary SAM-F neutron problem.

However, the physical regions need not be numbered the same in
p

both programs.)

(b) Primary or secondary ganuaa sources.

The program will accept source input in the form of a neutron

interaction tape (for conversion into secondary sources) or in

the form of a primary gamma tape. An option also exists which

allows calculation of adjoint currents at the outer surfaces of

geometric regions due to Monte Carlo histories starting at a

detector. These may be subsequently coupled with any number of

sources in the form of time-independent gamma ray fluxes in

energy and angle bins.

(c) Time-dependent dose answers.

The code keeps track of the cumulative times of flight of all

photons. In acdition, for secondary problems, the time of flight

of the neutron is carried from the neutron problem to the adjoint

gamma problem. The SAM-A program then keeps track of the total

time of flight; from neutron source to gamma ray detector. Gamma

ray results aru calculated, in general, as functions of energy and

time. However, calculation of adjoint gamma ray surface currents

is presently done as a functi.on of energy and polar angle only.

Refer to Appendix S for a discussion of the use of adjoint
currents in calculation of doses at a detector point.
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(d) Point or volume detectors.

Either a point or a volume detector may be used. In the case

of a volume detector, only spheres, cylinders, rectangular

parallelepipeds or boxes are presently allowed.

(e) Region and energy dependent importance sampling.

The adjoint transport and post collision energy selections are

biased towards the gamma ray source, according to an input set of

importance values.

A step by step description of the calculation flow is now

given:

1. Read all input data (cross sections, gamma production

data, geometry, importance sampling data, deteccor response

data). If adjoint currents are desired proceed immediately

to Step 4.

2. For a primary gammia ray problem read in a sinqle source

particle from the source tape and proceed to Ster 4. Fcz

a secondary gamma ray problem read the neutron interaction

data for a single interaction. During the previous SAM-F

neutron problem all gamma ray producing interactions (absorp-

tions and inelastics) were written on an interaction tape.

Fcr each interaction the following data was written on tape.

X(3) neutron collision position

W(3) direction cosines before scatter (not presently

used by SAM-A because the 2xisting coding assumes

the secondary gammas art generated isotropically)

E neutron energy before tLý interaction

IR region in which coJlision occured (not used • JAM-A)

T time of flight of the neutron

* It is anticipated that Lhas restriction will be eliminated in
the near future.
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ID clement idcntifier of interacting element

WEIGHT reutron ,:eigLt at -olliion point multiplied by

the nonelastic interaction nrobability

NHIST neutron histo~ry number

WC carry along weight for normalization

INT ':tteraction indicator (INT=l0)

3. Using the interaction date and the gamma production cross

sections generate a secondary gamma ray. The format of the

production data is given in Appendix D.

4. Select the detectcr position, either at a point detector

or at a point within a volume distributed detector. For

computation of adjuint currents proceed to Step 6.

5. Calculate the uncollided contribution from the-following

formula:

e-W Y -W -R(E)/41r 2

where X = mean free path from detector to gamma source

WY = gamma weight, cet during the generation process

Wn = neutron weight at interaction

R(E) = detector response at gamma source energy

r = source-detector separation distance (cm)

6. Select detector eneray from detector response distribution.

Select direction cosines from a distribution biased towards

the gamma source. (For the adjoint current option biasing is

done by means of angular weights. Section 4.3.4 describes thA

biasing techniques.) At this point the energy, positicn and

direction of the adjoint gamma ray are known and the adjoint

Monte Carlo game begins. At each adjoint collision point, as

well as from the detector, the contribution to the collided

score will be calculated.
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7, Calculate the contribution to the collided score,

j±ven the garmta energy and position. (Section 4.3.q

describes the collided dose estimation technique in full

detail.)

8. Select the positions for adjoint collisions along the

path of Lhe ray. As each collision point is selected, it

is stor-d in a latent table. (If adjoint currents are com-

puted, first score such events whose flight path intersects

a surface which also bounds an escape region.) When the

current ray has left the confines of the geometry a latent

is retrieved. The new energy and new direction are computed

and the program returns to Step i. When all latents have been

processed a new primary gamma ray or a new neutron interaction
.

is treated. Control is transferred to Step 2. In the near

future, collision vaiiables (position, energy, direction)

will be biased so that the gamma ray weight multiplied by

the collided estimate will be bounded. This biasing is

described in Appendix J, but has not yet been implemented.

The current code uses an approximate estimation procedure,

which leads to finite variances, and which is also bounded.

9. When all neutron interactions have been processed the

Monte Carlo is done and the results are edited and printed out.

Items 2-8 are the basic history loop of the code.

Refer to Appendix K for expanded description of latents and
importance sampling.
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4.2 Descriptions of the SAM-A Program Input Requirements

The input requirements for SAM-A are described below. Each

section discusses a different aspect of the input.

4.2.1 Cross Sections and Region Compositions

The cross section and regiin composition requirem,,nts are

identical to those of SAM-F. As in SAM-F, the user will have at

his disposal an element data tape, (EDT). This -ape contains a

set of energy-dependent ga-nma ray total cross sections. For gamma

ray transport only the total cross section is required from the EDT

since the scattering cross section is derived internally from the

Klein-Nishina distribution.

A user must specify the material composition of each region

in terms of atomic concentration (1024 atoms/cm ) of each nuclide---.--

in the composition as in the formula below:

pNo 0 1- 24
atomic concentration - x 10

where N = Avogadro's number = 0.6023-i02 4

A = atomic weight (gms)

= mass density of nuclide in the composition (gm/cm )

Unlike SAM-F, the SAM-A program does not Oband" the gamma ray

cross section data since the amount of such data, even for problems

with many elements, is relatively small. Unfortunately, SAM-A also

does not "band" gamma ray production data which may be relatively large.

The composition input procedure is identical to SAM-F and

is given below in Section 4.4.1.

Hopefully, this restriction will be removed in the future.. An

alternative approach in the mean time, is to keep "weeding" the

data in SAM-X (see Section 2.4.3) until its-size becomes managable.
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4.2.2 Energy Mesh Specifications

The SAM-A program uses a variety of energy meshes for scoring,

cross section and importance sampling purposes. The FORTRAN names

for the meshes and their uses are given below. All the meshes are

input to the code and are entered in monotonically decreasing order.

EGAM

The cross section energ'h mesh. All gamma ray total micro-

scopic cross sections are tabulated in this mesh.

EOUT

The track length score energy mesh when a gamma ray or

gamma ray production tape is specified. The track lengths

through the geometry, resulting from the adjoint transport, are

scored as functions of xegion and energy. These track lengths

are edited at the end of the Monte Carlo.

ESOR

The track leni. a score energy mesh when adjoint currents are

calculated. The track lengths through the geometry, resulting

from adjoint transport, are scored as functions of polar angle and

energy for each region. These track lengths are edited at the end

of the Monte Carlo and also written on Tape 14.

EIMP

The energy mesh for importance sampling. The importance of

a region as a function of energy is tabulated in this mesh.
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ENRESP

The detector results are tabulated as functions of the energy

mesh "ENRESP". The initial detector energies for the transport are

selected from the detector response function. All contributions

to both the collided and uncollided results are scored as a function

of the initial "detector" energy in the mesh ENRESP.

The five meshes discussed have a hierarchy as shown in the

diagram below. Source energies must be contained in the EOUT mesh.

EGAM

ESOR

EIMP

F EOUT

--- ENRESP

ENRESP

EOUT

EIMP

ESOR

-EGAM

Fig. 4.1 - Energy Hierarchy in Program SAM-A
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4.2.3 Source Specification

The SAM-A sources are either primary gamma ra s or secondary

gammas produced from precursor neutron interactions.

In the secondary gamma mode the only source input is the

interaction tape and a gamma production cross section tape. The

SAM-A code will convert each neutron into a corresponding secondary

gamma using the production cross section data. The conversion pro-

cedure is given in the discussion of subroutine GASSUP (Section

4.3.9).

For the primary gamma mode, only an external source tape

(in the same format as the interaction tape) is required unless

adjoint currents are desired (in which case no source tape is

utilized). The gamma source energy is used directly from the

tape and no conversion is done. 1ection 4.4.3 describes the

format of the external source tape.

4.2.4 Detector Specification

The physical detector may be either a point or a volume detec-

tor. In the case of volume detectors, the program is restricted

to spheres, right circular cylinders, rectangular parallelepipeds or boxes.

The energy dependence of the detector is given in the form of

an energy dependent response function from which the initial detec-

tor energies are picked. If number flux is the desired answer then

the response is unity.

Note that the answers are given as functions of time and energy,

(in addition to integrated results). The energy bins in which the

fina' results are tabulated ate identical to those which are used

to describe the response function.



4.2.5 Output Energy Meshes

The program requires two separate energy meshes for scoring

purposes. The adjoint track length answers are scored in one mesh,

and detector results are scored in the other.

Note that the detector energy mesh is the same mesh used for

description of the detector energy response (Section 4.2.4).

4.2.6 Time Dependence

The SAM-A program will edit detector answers as a function

of time. The time bin mesh is supplied as input. For primary

gamma rays, the program keeps track of the time of flight of each

pLaoton from its time of birth, to its time of arrival at the de-

tector. For secondary gamma ray problems the "birth" time refers

to that of the precursor neutron. The uiser must take care to pro-

vide a time bin for the longest desired time of arrival at the

detector.

4.2.7 Region Dependent Parameters

For each geometric region the user must specify physical

composition and the importance sampling function to be used. The

physical composition is specified by "Composition number" as given

in Section 4.2.1. Each region must be assigned a composition

number.

The user also has the option of declaring any or all of the

geometric regions as scoring regions. A "track length" edit of

scoring regions is given after the completion of the Monte Carlo.*

For the adjoint current option track length scores and standard

deviations are also wfitten on tape 14.

"* "Track length" -ores are defined as the actual path lengths (cm)
of the ray through the region, multiplied by all detector response
and importance sampling weighting factors.
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The "scoring region" option has the additional capability of

allowing the user to combine any numb-"r of geometric regions into

a single scoring region for purposes of editing.a

For each geometric region of the problem the user must specify

an "energy weight set number". The adjoint collision mechanics
a

and the collision density are biased according to a set of energy

dependent importance numbers denoted by the "energy weight set

number". Appendix K describes the importance sampling in detail.

4.2.8 Importance Sampling

The importance sampling procedure in SAM-A is the same as

that used in SAM-F except for the treatment of energy selection

after (adjoint) scattering. The SAM-A program selects the energy

after scatter from a biased Klein-Nishina distribution. The Klein-

* Nishina distribution is biased according to the energy dependent

weights in the collision region. These energy dependent weights

are supplied as input to SAM-A. Note that a different energy

dependence may be used in each geometric region.

4.2.9 Number of Histories and Statistical Groups

All answers given by SAM-A are per primary particle history,

and the computed statistical errors are also given per primary

particle history. For a secondary gamma ray problem the number

of histories in a statistical group must be a multiple of the

number used in the SAM-F neutron calculation, and the total number

of histories must be less than or equal to that used in SAM-F.
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4.2.10 Escape Region

The Monte Carlo game for a given gamma ray is terminated when

the ray has left the confines of the geometry and entered the

"escape region". The escape region must surround the entire

geometry.

4.3 Additional Descriptions of the SAM-A Subroutines and Theory

The following sections will discuss the subroutines of the

SAM-A program. In addition, the important analytic features of

the program will be described.

4.3.1 Description of the SAM-A Program

The main program of the SAM-A gamma adjoint code controls the

entire Monte Carlo calculation. The functions are outlined below:

1. Read all cross section and geometry data;

2. Read all problem parameter input;

3. Read source particles from an external tape

(primary gamma ray calculations only);

4. Read neutron interactions from the Interaction

tape (secondary gamma ray calculations only);

5. Make an estimate of the uncollided score via subroutine

UNCOL; (this is not done for the adjoint current option)

6. Perform the adjoint gamria tracking to determine

adjoint collision positions and the energy and

direction of the gamma ray after an adjoint

scattering event;
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7. Call the secondary gamma estimation routine, ESTWT., to
L compute scores at the detector from each collision point

(this is skipped for the adjoint current option);

8. Control all tallying and editing of all detector

and track length estimates.

The basic calculation procedure is described below. The box

numbers in the discussion refer to the flowchart in Figure 4.2.

Box 1

Read cross section composition data and compute PT(E) the

macroscopic gamma ray total cross section for each composition

(subroutine DATORG). For secondary photon calculations, read

gamma ray production data for neutron to gamma ray conversion

(GASSUP). Read geometry input data (GENI).

Box 2

All problem dependent input is read in and checked. A com-

plete description of the input appears in Section 4.4.1.
Box 3
AGGPRO is called by SAM-A and proceeds as follows:

All answer arrays are zeroed in preparation for the Monte

Carlo calculation. The program will clear the following arrays:

ANS,ANSQ,SANS The three arrays used for storing track lengths

scores and associated sums of squares for statis-

tical error computation.

PUNC A 900 word array used for storing collided and

uncollided detector score estimates and associated

sums of squares.
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R

IRead Cross Sections I
and Geometry Data and

1 Production Data

2IaRead Problem
Parameters

3

Initialize
Arrays

1Read a primary gamma---
or neutron track from
the "INTO i NG<2

4o -• 5 YES _ 34 End of
End of Tapse.or End -- Perform Final Edit

of NSTOP hls ories? Problem•No 6 35

End of Aggregate? YES Accumulate Statis-
Ara tical ates
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rEstimate (If NG<2)
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tor Gamma Energy j E

S10ISelect Initial Detec-
tor Gamma Direction j WN

Initialize Gamma At
Detector Coordinates XD

Fig. 4.2 - SAM-A Flowchart
(1 of •)
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21

EX=e-UTs

FACT = P14.RI.PROD

22

Score Track Length or
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I23
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Sify RI,R2 WD ii 730 riportance 2
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SAM-A Flowchart (3 of 3)
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NCOL An array giving the number of gamma collisions

as a function of region and energy.

At this point all data has been read in and initialized for

the Monte Carlo.

Box 4

For secondary gamma ray calculations, a neutron track is read

from the interaction tape (INT) and processed for use by the gamma

estimation subroutine (ESTMT). The data read from the interaction

tape are described in Section 4.3.9.

For primary calculations, INT is the external source tape if NG<2.

Box 5

The parameter IR, read in from the INT tape, is normally the

region number but is also used to signal the end of the tape.

Specifically, if IR=O, control transfers to the final edit proce-

dure (Box 34). If NG=2 i.e, adjoint current option, control transfers

to final edit when NSTOP histories have been processed.

Box 6

The parameter NHIST (from the INT tape for NG<2) counts pri-

mary source histories and also determines when the end of a statisti-

cal aggregate has been reached. At the end of an aggregate, control

is transferred to an aggregate accumulation procedure (Box 35).

Box 7

AGGPRO calls MCSAM which continues the processing. Select

initial detector point according to input parameters.

Box 8

A calculation of uncollided contribution is performed. The

exact procedure for the calculation is given in Section 4.3.14.
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At this point all pre-collision loop data have been processed.

The program will now select an initial energy from the detector

distribution and a set of direction cosines from a biased distri-

buLion as computed by subroutine DIRKL.

Box 9

The initial detector energy is selected from the detector

response distribution by subroutine ENDET.

Box 10

The initial direction cosines are chosen from a distribution

biased towards the gamma ray source position if NG<2, or in accord with

a weighted angular distribution for NG=2.

Box 11

The initial position of the gamma ray is set to the detector

coordinates, XD. The initial region number is set to IRDET as

supplied as input.

Box 12

All track length estimates for the current gamma ray are scored

at energy E. The energy index, INPAR (INSOR, if NG=2) for the scoring

array is computed here.

Note that the tracking procedure for latents and/or initial

detector gammas begins here. When latents are picked up control

is transferred to Box 12.

Box 13

Energy and position dependent importance sampling parameters

are initialized here for use in determining adjoint collision points

alung the ray. The initialization consists of precomputing the

integrals dis•,issed in Appendix K.



All data are now available for the collision depositing loop

which begins at Box 14.

Box 14

GRAY is called by MCSAM to continue ray processing.

An initial random number CHK, uniformly distributed between

(0,1), is chosen for the stratified sampling of the collision density.

Box 15

The entire gamma track will require cross sections at the

energy selected in Box 9. These cross sections are obtained by

linear interpolation in the cross section array XSGAM. The linear

interpolation uses a constar- interrolation factor FAIN and an

index JEN locating the cross section and energy in the arrays. The

factor and index are computed in Box 15 and used for the current

gamma track.

Box 16

The ESTMT subroutine is called to make a scoring estimate from

the current gamma collision location or the detector position for NG<2.

Each time a collision is made, the position, energy after scatter

and associated data are stored in a latent table (see Box 27). At

the ýnd of the current track these latents are then picked up and

treated as new rays Thus Px 16 will be reached for each colli-

sion and an estimate will be made.

The estimate is then scored in the array PUNL as a function

of time and gamma energy at the detector,



Box 17

The initialization for the collision point selection is per-

formed here. The collision point selection requires the recursive

calculation of

N1

=~

where the Si are the track length segments for region i and the

+ and -T are the adjoint and forward total cross sections, respec-

tively.

The initial "QP" which will be used in the calculation of "0 n

is set to zero, and "PROD" is rit to 1. The selection procedure is

d.scussed in Appendix K.

The variable NASC which signals the start of a new ray to the

geometry subroutine G1 is set to -1.

Box 18

The geometry tracking subroutine GI is called to determine

the geometric distance from the start of the ray to the next region

boundary. Each call will deliver a region segment, (S), a cumulative

distance, (DIST), and the region number, (IRPRIM), of the next

region to be entered. Given the geometric configuration of Figure

4.3, successive calls to G1 will yield the following:
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S3
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Fig. 4.3 - Geometric Tracking

(The numbers shown are region numbers.)



S DIST IRPRIM

-all 1 S1 S1 5

Zall 2 S2 S +S2

ýall 3 S 3  S1 +S2 +S3  7

ýall 4 S4 S1 +S2 +S 3 +S4 8

Table 4.1 - Results of Calls to Subroutine GI

Note that IRPRIM=O when the ray leaves the confines of the

geometry.

Box 19

Given the distance S through the region the time of flight

TG is incremented as follows:

TG = TG+S*.3335637*I10

where the constant is the inverse of the velocity of light.

Box 21

In order to compute the Qn from the forrula in Box 17 the

cross sections must be calculated. Given the interpolation factor

FAIN dnd the energy index JEN from Box 15, the gamma ray forward

tota. cross section 4 is computed. The adjoint total cross sec-

tion, it , (UP in the prcqram) is given as:

UP = DENSIT(IJ)*RZ/RS

where DENSIT(IJ) is the factor
8



P is the electron density of composition IJ

T is the Thompson unit

RS is the importance value at the current wavelength in the current
region.

RZ is described in Appendix K (where it is cafled R ).

Box 21

The quantities EX and PROD, used in the Qn calculation and

in the scoring of track length results are computed as follows

EX = EXP(-UT*S)

FACT = TP*RI*PROD/UT

Box 22

The track length score is now made for NG<2

ANS(INDEX) = ANS (INDEX)+PROD*S/PHIS*WEIGHT*E
2 *l.9569*10-6

where ANS is the scoring array for track lengths in region IR at

energy E and time TG.

PHIS is the importance number at energy E at the start of the ray.

WETGHT is the carry along weight (obtained from the neutron interaction

tape when applicable) which is updated when choosing the energy and

direction of a new photon at the detector. For NG=2 the estimated

adjoint current at the boundary with an escape region is scored. This

leads to the replacement of S by EX in the formula..

Box 23

Qn is now computed

QN = QP+FACT*(l-EX)

and the exponential factor PROD, is updated

PROD = PRODX

Box 24

Collisions will be deposited whenever QNQ.CHK, where CHK is

the random number initially selected in Box 14. If a collision i'

to be made control will be transferred to Pox 25, otherwise the

next re,ýion to be entered will examined (Box 29).



Box 25

The decision to make a collision has been made (Box 24) and

the collision tally is updated

NCOL(INDEX)= NCOL(INDEX)+1

where INDEX is the location in the NCOL array of the tally for

region IR and energy E.

The collision position SPP, measured from the start of the

ray, is calculated from the equation of Box 18 by solving for S

SPP = DIST-S-ALOG[l+ (QP-CHK)/FACTJ/UT

Box 26

The energy after the adjoint scatter is calculated from the

biased Klein-Nishina distribution (see Appendix L).

Box 27

A collision has been made and the position, direction before

scatter, e-nergy before and after scatter and other collision related

parameters are now stored in the latent table.

The list below describes the data to be stored for subsequent

processing.

X2 The coordinates of the collision point

X3

W2 The direction cosines before scatter

W3

WLAT The particle weight before scatter

EL The energy bcfore scatter



EPL The energy after scatter

TL The time of flight to the collision point

IRL The region number of the collision point

Box 28

After the latent has been stored, the random number CHI is

incremented by 1.0 and control is transferred to Box 24 to deter-

mine the next collision point along the ray.

Box 29

The collision test of Box 24 indicated no collision and a

transfer to Box 29 was made to examine the next region. Thus QN

replaces QP for the next computation of possible collision position.

Box 30

At this point the ray position is examined for possible escape

from the geometry. If the ray escapes, control is transferred to

Box 32 to process any latents created by the ray.

Box 3]

The ray will now enter a new region which may have importance

sampling parameters which are different from those of the previous

region. If so, the importance sampling arrays established in Box

13 must be modified as described in Appendix K. Akter the modifi-

cation control is transferred to Box 18.

Box 32,33

Control is transferred to Box 32 (from Box 30) whenever a ray

has escaped the geometry. A return to MCSAM from GRAY occurs. If no

latents are to be prucessed control is transferred to Box 4 ini AGGPRO

to initiate another source gamma ray and an associated adjoint gamma

track.



When latents are picked up, Box 33, the cosine of the scat-

tering angle, DEL, is calculated from the energy before and after

scatter. Control is then transferred to Box 12.

Box 34 (In AGGPRO)

If the input nimber of histories, (or the number of histories

on the INT tape), has been exceeded, control will transfer to here

and the final edits will be produced. The description of output

appears in Section 4.A.2.

Box 35 (In AGGPRO)

Control transfers here whenever a statistical aggregate has

been completed. The aggregate accumulation arrays are updated and

the array ANS that conta.i*ns scores for a single aggregate is .leared.

The average time per aggregate AVG and the total number of colli-

sions thus far is printed. The computer time remaining is retrieved

by subroutine STATUS. This time is compared to the average time

per aggregate and the edit procedure is entered as there is insuffi-

cient time to process two more aggregates. Normally control will

transfer to Box 7.

4.3.2 Description of Subroutine DATORG

Given a gamma ray element data tape (Tape 11) and the compo-

sition data as described in Section 4.2.1, the DATORG subroutine will

compute total macroscopic cross section, •T(E) for each composition.

The cross sections are stored in the XSGAM array. The atomic

density for each composition is computed an. stored in array DENSIT.
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atomic density = - 1Z.C1
i

where T is the Thompson unit

Zi is atomic number of element i in the composition

Ci is atomic concentration of element i

4.3.3 Description of Subroutine DIREC

This routine is called by the main program to get the new

direction cosines after scattering. Given an initial set of

direction cosines, 7, and the cosine of the scattering angle, cose,

the subroutine will compute a new set of direction cosines, V,

such that

Z.V = cose

The aximuthal angle is chosen at random.

4.3.4 Description of Subroutine :RSEL

Subroutine DIRSEL selects the initial direction of an adjoint

gamma ray, coming out of the detector in one of two ways. For NG=2

no source point is assumed and biasing is done on the basis of weights

chosen in the angular bins. This is described in Section 4.3.4.2.

For NG<2 the selection of the direction is done so that it is biased

towards the current gamma ray source point. This improves the calcu-

lational efficiency of the code.

4.3.4.1 Implementation of the Biasing

Procedure for Specified Source Point,

In Figure 4.4, below, let XD and AS be the wave lengths of the

photon at the detector and source, respectively:



Source S,.S

:DSS

Det ctor
initia~l D

photon D
direction

Fig. 4.4 - Geometry for Subroutine DIRSEL

The maximum possible change in ', due to a single Compton

scattering event, is given by AX=2.

In the coding, the selection of the initial photon direction

is performed in two distinct modes, depending on whether A D- X S-2 is

greater or less than zero:

a) AD-A S- 2 >0

1. The angle a is selected uniformly between 0

and 7r, where a is measured from the detector-to-

source vector, 19DS"

2. The initial direction, 7, is selected so that

WW.DS=cosa, where the azimuthal angle is selected

from an isotropic distribution.

b) A D- XS-2<0 0

1. Let aM= arc cos(l+Xs-\ ) = maximum initial

angle for single scattering estimation.
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2. Divide the a domain into the intervals

(0,%M) and (SM,).

3. Choose one of the two ranges for the final

ielection of a. Specifically, choose the (aM,rr)

range with a biased, reduced probability, p, where

P= (T_-aM)+HaM

and wherp H is an arbitrary biasing factor, (H=10

at present).

4. Select a uniformly within the chosen range.

5. The initial direction, 7, is selected so that

W*.DS cosa, where the azimuthal angle is selected

from an isotropic distribution.

It is straightforward to show that the following weight

adjustments are made for the above-mentioned process for selecting

the initial photon direction:

Selection Mode Weight Adjustment Factor

XD-XS-2-> ((/2)sinci

a) D <CIM 
[-(7-aM) +HaM] sina

ab 4.2M -L7 hotMon Directi

"'able 4.2 - Selection Modes for Initial Photon Direction
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4.3.4.2 Implementation of the Biasing Procedure

for Unspecified Source Points

The choice of the direction imparted to a ray starting at the

detector is done on the basis of a biased angular distribution. An

j.nput biasing axis is chosen on input. A set of polar cosines about

the biasing axis is also specified. The direction of a ray in then

determined on the basis of a biased density distribution that is

read in as input and the proper weighting of the-history is maintained.

4.3.5 Description of Subroutine DOSEDT

The DOSEDT routine prints the detector responses (i.e., flux,

dose, etc.) as functions of energy and time using the energy mesh

of the detector response. The routine is called, from the main

program, once for each time bin and also for the time integrated

results. For each time bin, the collided, uncollided and total

results, as functions of energy, are printed out with associated

deviations. The energy integrated results are also printed out.

Note that all answers are normalized to one primary particle

history and are also divided by the appropriate value of At and AE.

Thus the results are on a per primary source particle per unit time

(sec) and per unit energy (ev) basis.
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4.3.6 Description of Subroutine EDIT

The EDIT subroutine prints the track length scores if NG<2

(or the adjoint current scores for NG-2) and associated deviations

as functions of energy and region (cosine). The energy mesh used

is EOUT (or ESOR) as described in Section 4.2.5. hll answers are

normalized to one primary source particle and divided by the appro-

priate value of AE. This subroutine is the same as that used in

SAM-F except that no additional response function calculation is

provided, since the detector particle energies are selected difeal3•

from the normalized response function.

4.3.7 Description of Subroutine ENDET

This routine is called from the main program to select the

initial detector energy. The initial energy is chosen from the de-

tector response function supplif as input.
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4.3.8 Description of Subroutine ESTMT

In SAM-A, the uncollided contributions to the detector score

are made analytically each time a new photon history is begun.

Contributions to the collided component of the score are made by

subroutine ESTMT.

The once-collided estimate is made from the detector position

by first selecting an "appropriate" intermediate point (see below)

and then by scoring for the detector-intermediate point-source

geometry. This is shown in Figure 4.5, below. Further collided

estimates are subsequently made after each adjoint Monte Carlo

collision, again by first selecting an "appropriate" intermediate

point for the estimation process.

The reason for the use of an "intermediate point" in the esti-

mation process has to do with the nature of photon sources. The

energy spectra of these sources, particularly for secondary gamma

rays, consist partly (or completely) of discrete energy lines.

Obviously, the energy of an adjoint photon which is aimed at the

source point from the current collision point, cannot be exactly

the same as the energy value of one of these lines. Hence collision

point-to-source hookups would be impossible in the adjoint game.

SAM-A overcomes this difficulty by judiciously selecting an

intermediate point (point I, in Figure 4.5), such that the energy

of the photon heading from I towards the source does indeed match

the energy of one of the discrete lines.
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S Gamma Source
(assumed isotropic)

RT

R
S

R

S

D Detector or Previous
Collision Point

Fig. 4.5 - Collided Estimation Geumetry
(arrows denote adjoint game path)



In Figure 4.5 let AS be the wavelength of the photon ccning

out of collision at I, and let A be the wavelength of the photon

coming out of the adjoint collision at D. (For the once-collided

estimate, D represents the detector point.)

Then the estimate, B, of the collided contribution is given

by: S

Se-Su (AS)dr S

B = W x k(sI,) 0 x x 6(XS-(A-l+cos6))dS

0

(48)

where k(AsIA) is the forward mode Klein-Nishina Kernel corresponding

to a change in wavelength from AS to X,

is the total cross section,

and W is a weight adjustment factor which contains several

components. Dis•ission of W is reserved for the end

of this section.

In expression 48, let . = cosB, then the 6-function can be

eliminated to give:

ep-S RS r
exp[- ~Su(A)dr- 5  (s)d

B = W x k(As,AX) dS- 2 0 r]
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when S and IdS are determined from the value of A given by

S= �A,-A+l. A simple geometric derivation, (see Figure 4.5),

gives:

S = (Cosa cosasinc)• - ~sins

dS
from which can be derived.

dS sina

'dA' I

Since R ssina = RT = Rsina,

1 IdS! = 1

R 3 RTlsin8

As a result

B = W x [ exp - (')dr - )d•RTjsin600

This estimator is not bounded due to the pres2,ýce of the %sino

term in the denominator. A biasing technique has been developed,

although not yet implemented, to obtain a bounded estimator. This

is described in Appendix J.
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In order to avoid an unbounded estimate, until the technique

of Appendix J is implemented, SAM-A makes use of an "approximate

bound" estimator. Specifically, if RT<Ro, the term l/RT is

replaced by 2/Ro for estimation purposes. R0 is defined as the

minimum of the distance equivalent to 0.1 mean free paths, measured

at the source gamma energy, and the distanCe between the gamma

position and the source position.

If Icos81>.99, the I/sinm term is replaced by a constant,

14.1539473325, which is the calculated value of 0/(1/-cOSo),

where o = arc cos(.99).

The first term, in the estimation expression, is W, the

weight factor. This is a composite of several terms which are

now discussed.

The energy, E, of the photon from the detector is selected

from the response function, R(E), in the energy range Es to EL -

where ES is selected gamma ray source energy and EL is the cutoff

energy of the problem.

Since the adjoint scattering mechanics are carried out on a

wavelength basis (i.e., not in energy) a weight adjustment =IdN/dEI

is necessary:

.511
EE is i 

2Mev

.Idtx=.1
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The total weight adjustment, necessitated by the selection

of energy E at the detector is then seen to be:

.511 x R(E)dE

EL

Finally, the weight term W includes all the additional weight

factors due to prior games of importance sampling played by the

photon and, for secondary problems, by the precursor neutron.

4.3.9 Description of Subroutine GASSUP

The GASSUP •ubroutine is called by the main program to convert

neutron interactions into secondary gamma ray sources. The conver-

sion process is described below.

During the previous SAM-F neutron problem all interactions

were written on an interaction tape. For each interaction the

following data was written on tape.

X(3) neutron collision position

W(3) direction cosines before scatter (not presently

used by SAM-A because the existing coding assumes

secondary gammas are generated isotropically)

E energy before scatter

IR region in which collision occurred (not

used by SAM-A)

T time of flight of the neutron
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ID element identifier of interacting element

WEIGHT neutron weight at collision point x
nonelastic scattering probability

NHIST neutron history number

WC carry along weight for normalization

INT The variable INT is set to "10" indicating
an interaction.

Using the interaction data and the gamma production cross

sections, GASSUP generates a secondary gamma ray. The production

data is given as a separate matrix for each element. For each

matrix the gamma production multiplicity is given as a function of

neutron energy bin and gamma energy line. Thus, for an interaction

at a specified neutron energy, a gamma energy is selected from the

distribution of gamma lines in the corresponding neutron bin. A

gamma weight, which is the sum of all multiplicities for the neutron

bin x the precursor (neutron weightj, is calculated. This gamma

ray weight is carried along and used in the subsequent adjoint

Monte Carlo game.

The GASSUP program is called at the beginning of the main

program to read the gamma production data from tape 7. The format

of the data is given in Appendix D. All subsequent calls to GASSUP

convert the next neutron interaction into a secondary gamma ray.

4.3.10 Description of Subroutine POSGEN

The POSGEN routine selects uniformly distributed points within

the detector volume. The routine is called from the main program

at the start of each gamma ray history. The selection procedure

for the allowed body types is as follows. In all cases, § represents

a random number selected from a uniform distribution from 0. to 1.
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SPHERE

r =MAX( i, k2' )R

X= + w-r

where °= center of sphere

w-= cosines selected from an isotropic distribution

R = radius of sphere

RIGHT CIRCULAR CYLINDER

= + ff.l + -MAX(t2' 3)

where V = vertex of cylinder

H= height vector

R = radius

S= direction cosines selected isotropically in the
plane normal to H

BOX

1 - + k1 1 2'T2 +3 f

where V = vertex of box

H2( = height vectors of box

RECTANGULAR PARALLELEPIPED

X = XL + tI " (Xu-XL)

Y = Y L + ý2 * (Yu-YL)

Z = ZL + " (zo-ZL)

X=MAX( ,• 2 ,.o.,N) samples X from a probability distribution

function propo-tional to -.N-I
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where the XL, XU, Yk' YU' ZL' ZU are the three sets of "upper"

and "lower" bounding planes of the parallelepiped.

4.3.11 Description of Function RANF

The RANF function generates uniformly distributed random num-

bers on the range (0,1). Each use of RANF gives a different random

number. The same generator is used in SAM-F.

4.3.12 Description of Subroutine SET

The SET subroutine i.- called from the main program to

initialize arrays for the Monte Carlo calculation. A call to SET,

CALL SET(A,N,ARG)

will initialize "N" values of array "A" to the value "ARG".
*

4.3.13 Description of Subroutine SEEK

Each call to SEEK,

CALL SEEK (X,A,N,I)

will perform a binary search in the array "A" of length "NOUT+I".

and return the value "I" such that

A(I)ZX>A(I+l) for A monotonically decreasing

A(I)<X'A(I+l) for A monotr nnically increasing

The value "I" is set to "0" for "E" outside the range "p)'.

4.3.14 Description of Subroutine UNCOL

The UNCOL subroutine calculates the uncollided response con-

tribution to the detector from L gamma source of energy E . The

uncollided score is given by

S(E,r) = e .W.R(EY)/(41r2

* This is not identical to the SEEK routine in SAM-F.
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where A, is the mean free path distance from source to detector

W is the appropriate weight factor

R(E ) is detector response at EY

r is the distance from source to detector

4.3.i5 Description of Combinatorial Geometry &Subroutines

The Combinatorial Geometry package consists of the following
,

subroutines:

GARB arbitrary polyhedron input processor

GENI geometry input processor

GG distance calculating routine

GCTEC distance calculatinIg routine fcr truncated
elliptical cones

GI main ray tracing routine

GP debug printout routine

GETIR determines the region Gf a given pcint

The package was discussed previously in the XAM-F section of

this report, (Section 3).

4.4 Input, Output and Tape Assignments

The following sections describe th., card input forms for SAM-A,

the general form of the output edits, arnd thi tap./disk requireznents

of the program.

4.4.1 Card input Formats

The card input formats are given below iii the order tn which

they are to appear in the data deck.

Item 1 - Cross Section Composition Identification (Voxmat 2XILC

NCOMP - total namuber of campositions in the pvoblem (912)

IPR = 0, no cross section edit

= 1, print total cross sectios o'r r each compositio~n

Repeat Items 2 and 3 for eacn. (NCOMP) crpositionl

*Tht; -ometry ('h,,cker rourtiiies3 alfý 1,a baddled ,n&t-c -A
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Item 2 - Number of Elements (Format I10)

NE - number of nuclides in present composition

Repeat Item 3 for each (NE) nuclide in present composition.

Item 3 - Element Card (Format iOX,Il0,E15.6)

ID - an integer which identifies the nuclide (5 decimal
digits ZZAAA)

Z Z = atomic ni'mber

AAA = truncati d atomic weight for a nuclide

= 000 for a naturally occurring mixture of isotopes

CONC - atomic concentration of nuclide in this ;ompositi~n

in units of 1024 atoms/cm3 .*

Item 4 - Geometry Input

This section is the same as that used by SAM-F and is des-

cribed in Section 3.4.1.1 (Items 1-10).

item 5 - General Parameters (Format 3110,915)

NSTART = Maximum running time in seconds **

NSTOP = Total number of primary particle histories *

NSTAT = Number of primary histories per statistical group

NIRMAX = Number of geometric regions (<200)

SNG = 0, neutron interaction tape supplied for source

= 1, external gamma ray source tape supplied
= 2, score ttime-independent) currents leaving the scering

regrons

-'1-• TYe by multi.plying weight density in material (grams/cm3 )
°6023

by '6023 where A = non-truncated atomic weight (gms) and .6023
24

).s Avogadro's Number times 10 .
"•* Upon completion of each statistical aggregate the code estimates

the total (real) running time at the end of two additional aggre-
gates. If this time exceeds NSTART (seconds) no new aggregates
will be started and controi is switched to the edit routines.

S** Refexz to pr,.itary neutron histories for secondary gamma ray
probltuv_,i.



Item 5 - Continued

MT = Number of time bins (<25); for no time dependence us MT=O
(No time dependence is currently allowed for NG=2 option)

NOUT = Number of output energy bins (<25)
(Set NOUT=l for NG=2 option)

MRS = Number of scoring regions

J NRWL = Number of distinct regions weights (elOO)

IBG = 0, no debug printout

= 1, debug printout

MUL = Number of times each neutron interaction is to be used

(if a zero is entered, the code assumes MUL=l)

Item 6 - Detector Parameters (Format 3E14.6,I4)

XD = Detector coordiniates (x,y,z); (for point detector: only)

IRDET = Detector region number* (use negative number for

point detector, or a positive number for volume detector)

Item 7 - Output Gamma Energy Mesh (Format 5E14.5)

The mesh at which the track length scores will be tallied.

Enter NOUT+l numbers from high to low energy. Use as many cards

as required.

Item 8 - Output Time Bin Me_9h (Format 5E14.5)

Time mesh (seconds) at which detectcr score, will be tallied.

Enter MT+l numbers from longest t- shortest times. Omit this set if MT-O.

Item 9 - Region Weights (Format 5S.4.6)

Enter the NRWL region weights to be used in the problem. The

weights need not be entered monotonically by value bit their order de-

termines the region weight numbers (i.e., entry one is weight #I, eru.,

The volume detector must be a region restricted to a single oody,
Either a sphere, right circular cylinder, box, or vectangular oarallel--

epiped is allowed. Furthermore, no reuions employing the iOR) operator,
see Section . may sequent:ially preceed this detector region.



Item 10 - Region Parameter Data ('ormat 415)

ISC = Scoring region number. (For NG=2, ISC is scoring
region at wnose common boundary with the escape
region currents all scored).

ICMP = Physical composition number

IRW = Region weight number

ISN = Energy importance set number

Enter one card for each Seometric region, a total of NRMAX cards.

Item I Importance Sampling Parameters (Format 2110)

NEI = Number of bins in the energy importance mesh (<24)

NSET = Number of importance sets

Item 12 - Energ Mesh for Importance Sampling (Format 5E14.5)

Enter NEI+1 numbers from high to low energy (ev).

Item 13 -n rportance _Samp-ing Numbers (Format 5E14.5)

Enter each set of importance numbers (NZET numbers) in same

order as the energy mesh for importance sampling. Each set starts

a new card.

Item 14 - Despnse Function_ Letr (Format 110)

NBRESP = Number of energy bins for th'e response function

from which the :"detector" phcotons are selected.

Item 15 -:nerýy_ mesh for Response Function (Format 5E14,5)

Enter N1B.S1i numbers from high to low enigy (evlo

Item16 Respe•nse Function Values (Format 5h14.5)

Enter NBRESP values cf the response function corresponding

to the energy -ins defined ,n Item 14. (If flux Is the ,iesir:ed

resvponai ente. a.11 values at Io0.



SNOTE: Enter Items 17-24 only
if NG=2 (See Item 5)

Item 17 Scoring Paiameters (Format I10)

MWSR - Number of polar angle cosine bins <34

MSOR - Number of scoring energy bins <34

Item 18 Scoring Polar Angle Cosines (5E14.5)

Polar cosine mesh. Enter MWSR+l cosines, in descending order,
from +1. to -1.

Item 19 Scoring Energies (5E14.5)

Scoring energy mesh (ev). Enter MSOR+1 numbers, in
descending order.

Item 20 Scoring Axis Direction Cosines (3E14.5)

Specification of direction cosines of the axis for polar
cosine mesh as specified in Item 18. Enter x,yz direction
cosines in order.

Item 21 Biasing Axis Direction Cosines (3E14.5)

Specification of aiming axis about which is specified a
polar cosine mesh for biased selection of the direction
out of the detector (Item 23). Enter x,y,z direction
cosines in order.

Item 22 Number of Biasing Polar Cosine Bins (I10)

Enter number, NB, of such bins. <20

Item 23 Biasing Polar Cosine Mesh Points (5E14.6)

Enter NB+I cosines, in descending order, from +1. to -1.

Item 24 Biasing Polar Cosine Direction Weights (5E14.6)

Enter NB weights.

4.4.2 Description of Output

The SAM-A output falls into the following general categories

(in the order in which they are printed).

a. Cross section and composition information,
b. Geometry information,

c. Problem input data,

d. End of aggregate tally,

e. Track length or adjoint current scores,

f. Gamma ray collision taily,

g. Detector edit. (NG<2)
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The following sections describe each of the above categories:

a. Cross Section and Composition Information

The printed cross section output is basically a repeat of the

input.

Each element encountered on the element data tape, (EDT), is

identified e~en if a particular element is not used in a problem.

Thus, if an element not on the EDT is specified a complete list of

all elements will be printed and the program will terminate.

b. Geometry Data

The printed geometry data is basically a repeat of input data.

In addition, the storage requirements for the geometry arrays are

given. As an option, a printout of the internal geometry arrays

may also be given. As an additional option, all geometry printout

may be suppressed,

c. Remaining Input Data

The remaining problem input data are printed out.

d. End of Aggregate Data

At the end of each aggregate a one line summary for that aggre-

gate is given. Eight numbers are printed acorss the page.

(1) Final history number for the aggregate.

(2) Average time per history.

(3) Average time for the aggregate.

(4) Cumulative number of adjoint collisions.

(5) Total response at the dctector.

(6) Percencage error in the total response.

(7) Cumx!- tive number of collided estimates resulting in
in nt,(,-ze.o Lstimations.

%8) Cumulative number of gamma sources created and used for
tracking.
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After tOe final aggregate the total Monte Carlo running time is

printed.

e. Track Length or Adjoint Current Scores

If NG<2 for each region designated as P scoring region, (input

parameter), the track length scores as functions of the track length

energy mesh (also input) will be printed. The displayed results

have been divided by dE and by the number of primary histories.

"* This edit is time-integrated and is, in general, the same as used

for track length scores in the SAM-F program. Note that the

answers are not divided by the region volumes.

in addition to the energy dependent scores, the enargy inte-

grated scores are also given for each region.

If NG=2, the adjoint currents are printed rather than the track

length scores. For each scoring region they are given as a function

of the adjoint current energy and polar cosine meshes.

f. Gamma Ray Collision Edit

The number of gamma ray collisions in each geometric region,

(as a function of energy, using the track length energy mesh), is

printed. Region numbers are given across the page and energy bin

bounds are given down the page.

g. Detector Response Edit

The detector response edit gives the uncollided, collided and

total detector responses as functions of energy and time. The

results are scored in bins using the energy mesh for the rdsponse

function data and the input-specified time mesh. The units of the

response correspond to the detector response function supplied as

input. Hence, . the input response function was flux-to-dose

conversion factors, the final results are doses. If a unity

response function was supplied, the results are number fluxes.

If the average energy of a scoring energy bin was enetered, the

results are energy fluxes, etc.
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Each time bin is edited separately and the energy integrated

response is given for each time bin. In addition, a time-integrated

response is given after the time-dependent results for each time

bin have been printed.

4.4.3 Tape and Disk File Assignments

The following are the file (magnetic tapes or disk) assign-

ments of SAM-A. File numbers refer to FORTRAN logical numbers.
S

File 7 (Option)

The gamma ray production cross section file.

File 11

T_>, gamma ray cross section tape.

File 14

If NG<2 it is the neutron interaction tape or the primary gamma

source tape. When NG=2 the adjoint currents are written on tape in
the form of BCD records.

In addition, Files 5 and 6 are the standard input and outpu"

media, respectively.

When NG=2 the interactions or gamma ray sources are written on

the tape in blocks of 35 particles per record with the following

write statement

WRITE(14) ((B(1,J),I=l,14),J=l,35)

Thus each column of "B" is a 14 word particle record.
a

The format of each 14 word particle record on File 14 is

shown below.
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Word Interaction Tape Primary Gamma Tape

XB(3) Neutron Collision Position Gamma Ray Source Position

WB(3) ' Direction Cosines before Direction Cosines from isotropic

I J neutron collision distribution

E Neutron energy before ýamma Ray Source energy

* collision

IR Region of neutron col.ision Not used

T Time of flight to Arbitrary starting time for

collision, gamma ray

IDET Identifier of interacting Not used

Selement

F Neutron Weight Arbitrary Weight which will

II
multiply all scores

NHIST I History number History number

WC Weight factor computed Must LC "1.0"

by SAM-F

J12345 ; Must be "10" Must be "1"

TABLE 4.3 - FILE 14 FORMAT

Note that the last record on the tape must have all zeroes

except for the nistory number which must be the last history on

the tape plus one.
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For NG=2, ýhe following is written on tape 14:

Item 1: NRSOR (U10). NRSOR is the number of scoring surfaces.

The following are written NRSOR times.

Item 2:. NWSR, NSOR (2IM0). NWSR, NSOR are the number of mesh

cosines and energy, respectively.

Item 3: (WSOR(I),I = lNWSR) (5E14.5). WSOR(I) are the mesh cosines.

Item 4: (ESOR(I),I = 1, NSOR) (5E14.5). ESOR(I) are the mesh energies.

The following are written as an energy-cosine matrix with

an inner cosine loop of dimension MWSR=NWSR-1 and an outer energy

loop of dimension MSOR=NSOR-l.

Item 5: FLUX(I), SD(I). FLUX(I) are the adjoint currents auid

SD(I) are their percent standard deviations.
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APPENDIX A

Organization of the Neutron Element Data Tape (NEDT)

The neutron element data tape is created, one-eleaene.e !t

at a time, by program SAM-X. Each elemental set of data on the

EDT is written as a series of logical binary records, each 510

words long. The number of such records for an element is given,

in fixed point arithmetic, by:

(NLENTH-1) 15101

where NLENTH is the number of words of data for the element (see

"1st word" below).

The elemental data arrays consist of energy tables, cross

section data and series of pointers and word length indices. The

pointers and indices and the organization of the data array were

carefully designed so as both to eliminate unnecessary data (e.g.,

inelastic scattering ,ross sections equal to zero) and to maximize

the efficiency of the cross section lookup.

The following is a description and a map of the organization

and contents of the EDT for one element. This is followed by an

organizational chart.

LOCATION CONTENTS COMMENTS

1st word NLENTH NLENTH=number of words of data for
this element;

2nd word ATWT ATWT=atomic weight;

3rd word ID ID=the ENDF (ZZAAA) designation
for the material (not the MAT U);
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LOCATION CONTENTS COMMENTS

4th word IT IT is currently ignored;

5th word LCETAB LCETAB=pointer* for the basic
energy table;

6th word LOCT LOCT=pointer for the total cross
section table

7ta word LOCS LOCS=pointer for the total scattering
cross section table;

8th word LOCI LOCI=pointer for the total inelastic
cross section table;

9th word LOCM LOCM=pointer for the table of multi-
plicities;

10th word NEN NEN=number of words (energies) in the
basic energy tables;

llth word NI NI=number of words in the total
inelastic cross section table;

12th word NM NM=number of words in the multiplicity
table;

13th word LOCEK LOCEK=pointer for elastic chi infor-
mation (elastic T-table);

14th word LOCLEV LOCLEV=pointer for discrete level
information;

15th word LOCCON LOCCON=pointer for continut. inelastic

information;

16th word LOCEXT LOCEXT is currently ignored;

(Start of Elastic T-Table)

LOCEK-I NMXEK NMXEK-maxiAium number of chis (W for an
elastic chi table;

LOCEK LCENEK LCENEK=-ointer for elastic chi energy
table:

* See remarkiF8 for explanation.



LOCATION CONTENTS COMMENTS

*LOCEK+l LOCEKI LOCEKl=pointer for the elastic
- itable;

*LOCEK+NMXEK LOCEKN LOCEKN=pointer for the elastic

•NMXEK table;

LOCEK+NMXEK+I NENEK NENEK=number of energies in the
elastic chi energy table;

LOCEK+NMXEK+2 NEKI NEKl=number of entries in the elastic
* ' • table;

LOCEK+2*NMXEK+l NEKN NEKN=number of entries in the elastic
•NMXEKtable;

(end of elastic T-table) XNMXEK

LOCLEV-I NLEV NLEV=numbez of discrete levels;

LOCLEV NLEVHI NLEVHI=number of high energies in
basic table not having a corresponding
level cross section entry;

LOCLEV+I LOCLI LOCLl=poi.nter for level 1 cross
"* * section entries;

LO( TLEV+NLEV LOCLN LOCLN=pointer for sum of all NLEV
level cross section entries;

LOCLEV+NLEV+I NLl NLl=number of entries in level 1
cross section table;

LOCLEV+2*NLEV NLN NLN=number of entries in the sum
through level NLEV cross section table;

LOCLEV+2*NLEV+l ENTI ENLl=excitation energy for level 1;

LOCLEV+3*NLEV ENLN ENLN=excitation energy for level NLEV;

LOCLEV+3*NLEV+l LOCKLI LOCKLl=pointer for level 1 T-table
S* (analogous to LOCEK for elastic T-table)

LOCLEV+4*NLEV LOCKLN LOCKLN=pointer for level NLEV T-table;

(Start Level 1 T-Table)

LOCKLI-1 NMXLIK NMXLlK= maximum number of chis for a
level 1 chi table;

* Whenever entries are separated by dots, the existence of the
nrwessary intefnrcdiate entries is implied.



LOCATION CONTENTS COMMENTS

LOCKUi LCEL1K LCELlK=Pointer tor level 1 chi
energy -:able;

LOCKL1+l LCUlKI LCLlKl=pointer fo~r thA-. level 1

LOCKL+NMMXK LCL1KN LCLlKN=polnter for the level 1
X,'NMXLlK -table;,

LOCKLl+NMXLlK+l NRNLiK NENLlK=number of energies in the
level 1 chi energy table;

LOCKLl+NMXLlK+2 NLlKl NLlKl=nuxnber of e--Itries in the level 1

%,-table;

LOCKLl+2*NMXLlK+l NL1KN NLlKN=number of entries in the level
1 7,NmLlk-table;

(End Level 1 T-Table)

LOCKLN LEVEL NLEV LEVEL NLEV T-TABLE is exactly
T-TABLE analogous to the 'Level 1 T-TABLE;

LOCCON NMXENN NMXENN--maximum number of E' entries
in an ENN table;

LOCCON+1 LCENN1 LCENN1 =pointpr for the 2itable;

LOCCON+1 ,MENN LCENNM LCENNM=pointer for E 'MXN table;
LOCCONNMXENN~l NP1 NEP=num of ntries nNteE tbe

LOCCON+2NMXENNl NEP1 NEPlz-number of entries in the E4Mabe;N

table;

LOCCON+2*NMXENN+l LLKEPl LCKEPl=pointer for the T-table corre-
* S sponding to EP

LOCCON+3*NMXENN LCKEPN LCKEPN=pointer for the T-table corre-
sponding to ENMXENN;

LCKEP1 EjThe E' T-Tables are analogous in

T-TABLE structure to the level T-tables;

LCKEPN %XN
T-TABLE

(Start Basic Energy Table)
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LOCATION CONTENTS COMMENTS

LCETAB+1 El El=first (highest) energy in the
SSEE basic energy table;

LCETAB+NEN ENEN ENEN=NENth (lowest) energy in the

basic e,,ergy table;

(End Basic EN TABLE)
(Start Elastic CHI EN Table)

LCENEK+1 EEK1  EEK =first (highest) energy in the
elaitic chi energy table;

LCENEK+NENEK EEKNENEK EEKNENEK=last (lowest) energy in the

elastic chi energy table;

(End Elastic CEI EN Table)
(Start Level I CHI EN Table)

LCEL1K+l ELUK 1  ELIK =first (highest) energy in the
level 1 chi energy table;

* S

LCELIK+NENL1K ELIKNENLIK ELlKNENLlK-Iast (lowest) energy in the
* level I chi energy table;

LCELNK+1 LEVEL NLEV LEVEL NLEV energy table is exactly
CHI EN, analogous to the level 1 energy
TABLE table;

LCEPlK+l E' CHI The E' chi energy tables are analo-

EN. TABLE gous to the level chi energy tables;
oi

LCEPNK+1 E÷fENN
CHI EN.
TABLE

LOrT+j SIGT SIGTl=first total cross section

• *(corresponding to first basic energy);
* e

LOCT+NEN SIGTNEN SIGT NEN=last entry in the total cross
cross gection table;

LOCS+l SIGSI SIGSl=first total scattering cross

section entry;
3 p
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LOCATION CONTENTS COMMENTS

LOCS+NEN SIGSNEN SIGS N=last entry in the total

scattering cross section table;

LOCI+l SIGIN1  SIGIN1 = irst entry in the total

* •inelastic cross section table;
• 9

WCI+NI SIGINNI SIGINNI=last entry in the total

inelastic cross section table;

LOCM+l ULT1  ULT,=first entry in the multiplicity

* * table;
* S

LOCM+NM UL•I M ULT,,=last entry in the multiplicity

table;

LOCEKI+I XlEI XlE =first entry in the elastic
LC lt able;

LOCEK+NEKl Xl KENEK=last efrtry in the elastic
0 " ? table;

LOCEKN+l XNE TABLE XNE TABLE is the elastic (NMXEK table;
S

LOCEKN+NEKN

LCLlKl+l XLl TABLES XLl TABLES are the )L-tables for
level 1;S

LCLIKN+NL1KNU

LCLNKl+I XINLEV XLNLEV TABLES are the X-tables for
"TABLES level NLEV;

9

LCLNKN+NLNIKN

LCPIKI+l ENN The ENN )etables are stored in an
S^)-Taules analogous manner;

LCPNKN+NPNKN
S

LOCL1+l SIGLI 1  SIGLll=first entry in the level I

5 9 cross section table;U

LOCLI÷NLI SIGLINLl SIGL NLI= last (threshold) entry in

the level 1 cross section table;
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LOCATION CONTENTS COMMENTS

LOCL2+l SIGL2 1  SIGL2 1=first entry in the sum through
• •level 2 cross section table;

LOCL2+NL2 SIGL2NL2 SIGL2 NL2Iast entry in the sum through
level 2 cross section table;

LOCLN+NLN SIGLNNLN SIGLNNLN=Iast entry in the sum through
level NLEV cross section table;

LCENN1+1 ENN 1  ENNl =first E' value entered in the
* ENN1 table;

LCENNI+NEPI ENNI NEP ENNI NEP=last E' value entered in

the ENNI table;

LCENN2+l ENN2.1 ENN2 1=first Eý value entered in the

• •ENN2 table;

LCENN2+NEP2 ENN22 ENN2 =last E' value entered in* NEP2 NEP22
* ° che ENN2 table;
* 0

LCENNM+NEPI ENNMNEPN ENNM =last EX value entered
N4ENNEPN' NMXENN

=NLENTH in the ENNM table; (end of EDT for
this element; the zemainder of the
present block of 510 words is filled
with dummy entries)
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EXPLANATORY REMARKS

1. The FORTRAN rules for implicit designation of variabletype have been used in naming the variables.

2. All energy dependent data are tabulated on the basic energy
mesh, except for angular distribution chi tables, which
may be tabulated on their own energy meshes.

3. The number of total cross section entries, as well as the
number of total scatter cross section entries, equals the
number of basic energy entries (hence only thp number of
energies is given explicitly).

4. All energy dependent data is tabulated in decreasing order
of energies.

5. Location pointers having values <1 imply that the corre-
sponding sections do not exist.

6. Entry numbers <1 imply that the corresponding tdbles do
not exist.

7. LCENEK may be the same as LCETAB (if elastic chi tables
have been tabulated on the basic energy mesh).

8. A relative addressing scheme has been simulated in the
organization of the neutron EDT through the use of "pointers".
A pointer, as here employed, is an address (or word position
relative to the start of the data for a given element) with
respect to which a table or a specific sequence of entries
may be found.

312



Iz

r3 z

xx

+

z

+ 4

+ +

+ 
a

Cz~ mvN E-1
+ H C4

HH
+0

z

0
E-4 Zr~r~

+ Ua

W + 0
0 1

313



00 E-1

z
49 z
N

A

64 E-

+

++

++

+

zz

I A
S z~

"AI+



N

+

r

p W ~E4

4-, 3

++

o-4

4.-
+

31



64J

14 .04

8 U

0% 4) C 40 q

Q)IE4 '-4.4E4
4. 'o 4 0 9:

4)W E- w___

0
*A4

ra ."I 00
4J tP 0 -,4 0 - '

*p4 r. 49 - 0

_ 44

*.* 4 > 0 'IL 4)
mb 41UE A

g..4M - - Uk 4 Z4,

MIn E-4 9Ii

WO

316



Zr4H r I 4

XW

044
Pq I

0 EA

Hr-I -

9 0

W >1 +
1~a rq 4)

a)Xq 9 1.1H HHW4 04

> 0A 0 -

r-4

CC~* a)d 4

r-4) 41
+. Ul U) +)

+ d ~~-4a)-4 H
4J4 rr-4 -4 ~r -4 (nl Q

'-Q NL4 Q nc
to 41 >o 0 -1

C)Q II 4ot- -



APPENDIX B

Organization of the Gamma Element Data Tane (GEDT)

The gamma ray element daZ'a tape is created by program SAM-X.

It may be made one or several elements at a time with the

same SAM-X run. Each elemental set of data on the tape is written

as a series of logical binary records, each 510 words long. The

number of such records for an element is given, in fixed point

arithmetic, by:

(NLENTH-l) + 1
510

Where NLENTH is the number of words of data for the element. Usually,

NLENTH<510, and thus each element requires only one binary record.

In principle, the organization of the gamma ray data tape is

identical to the neutron data tape. However, most of the optional

extra pointers, indices and tables of the neutron tape (see Appendix A)

are replaced by default zero values for the gamma ray tape. Thus

the gamma ray data files are, in reality, of a much more simple nature

than are the neutron files.

The following is a description and a map of the organizatipn

and contents of the gamma element data tape for one element.

LOCATION CONTENTS COMMENTS

1st word NLENTH NLENTH-number of words of data for this
element.

2nd word ATWI ATWT=atomic weight

3rd word ID ID=the ZZAAA designation for the material
(not the ENDF MAT C).
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LOCATION COMTENTS COMMENTS

4th word IT IT is currently ignored

5th word LCETAB LCETAB = pointer to the energy table

6th word LOCT LOCT = pointer to the total cross section
table*

7th word LOCS LOCS = pointer to the scattering cross
section table *

8tb word -- always zero -

9th word -~ always zero

10th word NEN NEN = number of words in the ene.gy table

llth - 16th
words -- dlways zero

LCETAB+l = first (highest) energy

LCETAB+NEN ENEN ENEN = NEN th (lowest) energy

LOCT+l SIGT SIGT1 = first total cross section
:1. (corresponding to E1 )

LOCT+NEN SIGTNEN SIGTNEN = NEN th total cross section
(,.orresponding to ENEN)

LOCS+l SIGS SIGS 1 = first scattering cross section
:I. (corresponding to E1 )

LOCS+NEN SIGSNEN SIGS = NEN th scattering cross section(corre~ponding to ENEN); (end of this

element; the remainder of the present
block of 510 words is filled with dummy
entries).

*_Coherent scattering for photons is not treated bj SAM-F or
SAM-A. Hence, the total cross section has been reduced by
the coherent scattering cross section. Work is currently
underway to provide full x-ray treatment. This v-Ili be avail-
able when Revision D is issued,

*A tncollerenit sodttering only.
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APPENDIX C

Structure of the Organized Data Tape (ODT)

Subroutine BAND and its subsidiary routines read in cross

section data from the element data tape (EDT), and composition

descriptions (i.e., elemental concentrations) from the input data

cards. These data are then combined into the organized data tape

(ODT-Tape 10) which is used in the Monte Carlo game as the supplier

of cross sections and to determine post-collision energies and

angles of scattering. If desired, the ODT may also be saved for

subsequent Monte Carlo problems involving the same compositions.

In general, the code splits the data into NBAND number of

cross section bands. NBAND, as well as the energy band limits,

are automatically determined by the code, unless the user desires

to enter these data as input.

Each of the NBAND bands, placed on the tape in order of

decreasing energy, are similar in format and contain the cross

section data appropriate to the range.

The structure for each of the bands is as follows:

Item 1

1.1 Band number

1.2 1 plus band number

1.3 Upper energy limit cf band

1.4 Lower 4wnergy limit of band

1.5 1 plus maximum size of •ny band (i.e., the required
core allocation for cross sections).

1.6 Number of bands

1 1 envl 1i- cur i ban,



The rest of the items are packed into the MASTER array.

Item 2 (repeated NCOMP times)

2.1 Location of the concentration of the first element
4in composition 1

2.2 Location of the concentration of the first eleient
in composition 2

2.NCOMP Location of the concentration of the first element
in composition NCOMP

Item 3 (Location NCOMP+l)

3.1 2 plus the location of the concentration of the last
element of the last composition. Also poirits to
start of first stored elemental data

Item 4 (starts in Location NCOMP+2)

Item 4 consists of two entries, repeated for each element
in composition 1, next repeated for each element in composition 2,
etc., until they are repeated for each element in composition NCOMP.

4.1 Concentration of this element in this composition.

4.2 Stdrt of elemental data for this element.

Note, if an element is repeateu in two or more compositions,
Item 4.2 will point to the same location for each repetition.

Item 5 App2ars for each element treated in the prublem.
For repeated element3 it appears only once.

Item 5 is essentially the cross section data from the element
data tape truncated for the energy range of the present band.

As an option, the user may obtain a complete printout of the

ODT, band by band. Due to the relativcly small amount of data

involved, gamma ray ODT's usually consist of only one band. If

gamma ray production data is desired, in addition to garma ray

cross sections, only one band is currently allowed. This restric-

tion will be rprnoved in che near future.



APPENDIX D

Organization of the Gamma Ray Production Data Tape (GPDT)

LOCATION CONTENTS REMARKS

1st word LENGTh total number of words for this
element;

2nd word ATWT atomic weight;

3rd word ID element identifier; ZZAAA

4th word LCENTB pointer for basic energy table;

5th word NEN number of entries in basic energy
table;

6th word LOCEG pointer for photon infornt&tion;

7th word LOCEXT pointer for additional information
(if needed);

LOCEG NEG number of photon energies;

LOCEG+l LCGI pointer for 1st photon yields;

LOCEG+NFG LCGNEG pointer for yields for last photon;

LOCEG+NEG+l MGI starting energy mesh point for first
photon yields;

LOCEG+NEG+2 NG1 last energy mesh point for first.
Sphoton yields;

LOCEG+3*NEG-I MGNEG starting energy mesh point fcr last
photon yields;

LOCEG+3*NEG NGNEG last energy mesh point for last
photon yields;

LOCEG+3*NEG+l EGi first photon energy;
* a

LOCEG+4*NEG EGNEG last photon energy;

LOCEG+4*NEG+t KGI pointet for ang. divt. inform. for
""first photon;



LOCATION CONTENTS REMARKS

LOCEG+4*NEG+L KGL pointer for ang. dist. inform, for
L-th photon;

a a

LOCEG+5*NEG KGNEG pointer for ang. dist. inform, for
last photon;

(Start of T-TABLE* for L-th Photon)

KG (> 0) MXK maximum number of chis for L-th photon

KGL+I LCEKTB pointer for chi energy table;

KGL+2 LCK1 pointer for chi 1 table; &(0
KGL+MXK+l LCiMXK pointer for last chi table;

KGL+t4XK*2 NE number of chi energies;

KGL+MXK+3 NK1 number of chi 1 entries;

KGL+2*MXK÷2 NKI4XK number of entries in last chi .able;

iEnd of T-TABLE for L-th photon)

LCENTB+1 NEN
• neutron

energies
I

LCEKTB+1 NE only if KGL>O;
"chi energies

LCK1+1 NKI only if KGL>O;
. chi 1 entries

LCGI+1 (NGI-MGl+I)
multiplicities
for EGI

LCGNEG+1 (NGNEG-MGNEG+l)
multiplicities
for EGNEG

* A T-TABLE summarizes the fixed point information (i.e., pointers
and numbers of entries) for each photon, provided anisotropic
information is given (as would be flagged by KGL>O, L=I,...,NEG).
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Dummy GPDT

It sometimes occurs that the user wishes to include a nuclide

in thk secondary gamma ray calculation which was not present in

the primary neutron problem, e.g., argon for air transport problems.

Also, he way wish, for some reason, to suppress gamma production

from a specific nuclide (or nuclides) in order to assess certain

effects.

These goals are best accomplished by generating and using

dummy GPDT's for the nuclides in question. Denoting ID as the

proper ZZAAA (see "3rd word", above) the following ad hoc program

may be used:

PROGRAM DUMMY (TAPE15)

DIMENSION 1(510)

DO 10 J=l,510

10 I(J)=0

I(11=8

I(3)=ID ÷ enter proper numeric value here

I (6)=8

WRITE(15) I

END

The output will be on TAPE15 - the same as for a true

SA.X-X run (Section 2.7).
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APPENDIX E

Energy Hierarchy - SAM-F

The Monte Carlo transport is run between EHIGH and ECUT.

Then,

EOUT 1 > EHIGH EOUTLAST < ECUT

ES1 > EHIGH ESLAST < ECUT

EWTAB > EHIGH EWTABLAST < ECUT

where EOUT = output score energies

ES = source energies

EWTAB = energies for energy importance sampling

Note: There is no hierarchy required among EOUT, ES
and ZWTAB.

ALSO

IEDATA1 > EX1 > EHIGH EDATALAST < EXLAsT< ECUT]

where EDATA are the energy limits for the element on the
element data tape (TAPE i1). If several "i-th" elements
are involved, EDATA1 is the lowest of all the EDATA 1 i
values and EDATALAST is the h-hest of all EDATALAJT,i.

EX are the cross section limits specified when creating
the organized data tape (TAPE 10), i.e., when running BAND.

Preceding page blank
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APPENDIX F

Discussion of Importance Sampling

It is fairly well known 1 that Monte Carlo calculations ean

be carried out so that a single linear functional (e.g., dose, Fe

activation) of the radiation field may be calculated with zero vari-
4

ance. To do this one requires pre-knowledge of ati "importance func-

tion" which gives for any particle its expected contribution to that

single functional. This importance function is used to bias his-

tories of particles so as to direct them toward those positions,

energies, and directions at which the chance of contributing to an

answer is large. In addition, to get strictly zero variance it is

necessary to compute an answer (to "score") only when an importance

modified history is terminated.

To be more explicit, let x, E, 9 denote the position, energy,

and direction of a particle and let J(x,E,Q) be the expected total

answer eventually given by that particle. Then if K(x',E',•' x,E,.

is the density of particles coming out of collisions at 4,E,Q given

that one came into a collision at x',E',Q' define the altered kernel

K(x',E',Q'-x,E,ý) = J(x,E,ý) x K(x',E',.'+x,E,g)/

x

This kernel is to be used in generating histories if zero variance

is to be obtained. Another requirement is that the source density

S(x,E,,2) be replaced by

S(xE,ý2) = J(x,E,Q)S(x,E,ý2)/) J(x' , E' • S(x' ,E' ,.)dx'dE'd.2
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in selecting starting coordinates for histories.

In practice, the conditions for obtaining zero variance are

never achieved for any practical problem. It is useful to note

the resnns

1. The exact inportance function is never known. If it

were, the exact answer to the problem would be known.

2. Scoring is carriel out during the history, and not only

at its end as required for zero variance calculation.

3. It is difficult to represent the space, angular, energy,

and time dependence of even approximate importance functions

in sufficient detail.

4. Renormalization of the altered kernel I'and sampling

from it is a time consuming process. General purpose codes

implement alternative methods such as splittinq at boundaries.

This always increases the variance.

The first point is a difficulty in principle. In practical

problems, it hý.s been found that approximate forms for J can reduce

the variance 4n difficult problems to the point where modern com-

puting machines can achieve satisfactory results. Several methods

nave been used to establish the function J. Kalos 2 used a multi-

ccllision approach (essentially consideration of the Neumann series

of the adjoint problema) and wes able to calculate very deep penc-

tration. At the other extreme, Cain has used Sn codes to find

numerical values of J. Unfortunately for two- or three-dimensional

problems this requires computations as extensive, or more so than

the Monte Carlo calculations themselves. Finally, it is possible

to use existing results for similar problems (e.g., moments method

330



* results for gamma rays) as one does in obtaining rough engineering

o approximations to shielding results themselves. This appears to

be the most practical and will be illustrated later.

It has been shown that the essential part of the variance

reduction is the use of a properly biased altered kernel and that

the particular scoring scheme is less important. 4

In many codes the importance sampling depends only upon space

or occasionally on energy. This, coupled with the fact that extra

variance arises in sampling the altered kernel, may well have the

effect that the optimum parameters cannot be easily deduced from

even a reasonable guess for J. In particular, the failure to alter

the source distribution consistent with the history biasing requires

special treatment.

The properties of SAM-F are such that the optimum use of the

code should result by using a set of weights inversely proportional

to J(6,E,A . These weights can depend upon position, energy, and

direction. The source spectrum is altered automatically according

to the weights. Finally, the biased histories, particularly the

flight of a particle, are carried out so as to provide little addi-

tional variance.

Thus establishing efficient sampling reduces to calculating a

reasonable approximation to J. Before giving an example, certain

general remarks can be made.
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First, because the importance function is specified through

weights that are constant in spatial regions, the requirements of

biasing reflect upon the geometry used to describe the problem.

Thus an effort should be made to provide enough regions so that in

significant regions of zpace, and for the part of the spectrum

responsible for penetration to the detector, the variation in

average importance from one region to the next is no more than

(very roughly) a factor of four. This requirement can be relaxed
q

for regions far from source and detector or for radiation too £

weakly penetrating or too weak to enter into the further penetration.

The use of appropriate symmetries simnlifies the importance

sampling. Although, in principle, a result can be obtained as

easily in a small region as in a shell in a spherically symmetric

problem, in practice extra car' must be given to focus the radia-

tion appropriately toward a small detector. This is done in the

SAM-F bounded estimator procedure. For a shell surrounding a spheri-

cal source, only the exponential attenuation with position is

needed.

When a reasonable set of weights has been given for a set of

detectors in a given geometry, it can be used for a variety of

sources. Thus a good set of importance weights for gamma rays in

a given situation can be used for monoenergetic gammas, for a

prompt fission gamma source, or for spatially and energy-distributed

gammas arising from neutron intezactions. Naturally, if space or

energy regions previously thought unimportant are no longer so,

extensions must be made.
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In some problems it is necessary (or thought necessary) to

obtain several different answers in a single computer run. If

these answers depend essentially upon the same or very similar

histories, (as for example, the biological dose at two detectors

separated by less than a relaxatLon length for the dominant

radiation), then a biasing scheme for one (or for a detector at

a mean position) does reasonably well for the other. When rather

different histories are required (as for widely separated detectors

or for neutron dose contrasted with sources of secondary ga =a

radiation) then it may well be true that separate runs with separate

importance weights will be computationally most efficient. In

intermediate cases where it is suspected that the computational

gain from running a single problem is important, the following

prescriptiong are useful.

1. Take weights proportional to flux over the

important range of position and energy. This

has the effect of giving generally good sta-

tistics for flux over that range (though likely

at the expense of computing time). The numerical

values of flux may be taken from relate4 problems

or from a preliminary run.

2. Take the spatial dependence of weight proportional

to the expected dose over regions of adjacent

detectors. Outside reaions of detectors compute

relative importance for nearest detector.
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3. Take a linear combination of the importance function

for single detectors, the coefficient being inversely

proportional to the estimated result at that detector.

The weight is, of course, inversely proportional to

the composite importance.

Note that in SAM-F the magnitude of the weight is irrelevant.

Finally we give the following warning. It is often tempting

to try a rather sharp biasing, particularly in direction. It should

always be kept in mind that the importance function is the expected

answer after all future collisions, not just a single one. Thus

a particle pointed within some neighborhood of a detector (e.g.,

within a cone that passes as close as roughly a mean free path for

scattered radiation) is likely to be nearly as important as a ray

that passes directly through. Neglect of this leads to biasing in

which the most probable result, except in very long sampling, omits

this scattered radiation. In somewhat the same way, radiation

directed away from a detector may, in consequence of multiple scat-

tering, be nearly as important as radiation directed toward a detec-

tor. When diffusion dominates, there is little direction effect.

The last section will describe the procedure used to set up

weights for gamma-ray transport in the atmosphere above a ground

interface.

It was required to calculate free air gamma-ray doses in two

qets of detectors. The first set consisted of detectors centered

at 250, 500, 750 meters and the second at 1000, 1250, 1500 meters.

Each set was considered a separate problem. Each "detector"
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was in fact a ring of air, 7 meters high, and whose inner and outer

( radii differed by 20 meters. The rings abutted the ground.

The air was subdivided into large concentric rings, 600 meters

high, centered on the source. The increment in radius was taken

as 125 meters; this is adequately small compared with the average

relaxation length of about 600 meters. Each detector ring was

"contained in one of the larger rings.

The energy grouping was taken as follows. Energies above 4

Mev were lumped together. Other divisions were taken at 2, 1, 0.5,

and 0.2 Nev. Except below the last, the variation in cross-section,

in a group is less than about 30% so that the importance is reason-

ably taken to be constant in each group. The properties of gammas

were evaluated at the lower end except for the lowest, for which

0.1 Mev was used.

The procedure for establishing weights was the following.

Assume we are dealing with the second group of detectors. The

effectiveness of a gamma, was taken (for calculating importance only)

to be proportional to energy. At 1000 meters therefore, the weight

was set equal to the reciprocal of the group energy in 4ev. From

1000 to 1500 meters the weight was assumed to decrease exponentially

(i.e., the importance increased exponentially) with a relaxation

length of 550 meters, taken from an earlier calculation as char-

acteristic of dose. The same ratios in weights were used in each

energy range. The importance at 500 meters and at 1300 meters was
-2 p~(E)r1levaluated as LE.B(E)r- e- using r=500 and 1000 meters,
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respectively. These are, of course, the distances to the first

detector. Buildup factors B(E) were taken for point isotropic

5
sources from Goldstein except at the lowest energies

where very rough extrapolations were made. At points 500 meters

and 1000 meters bel.,nd the last detector, the weights were made to

rise in the same ratios. These points were plotted on semilog paper

and curves drawn joining them. This is shown in Figure P.l. Rough

average weights are taken directly from the graph.
A

It is easy to see from this prescription that, for detectors

in the range 250 to 750 meters, one may use the same curve by

shifting the entire curve left by 750 meters. This is rather

generally appliceble.

No angular weights were used, primarily because the regions

are so large that the assumption of constant preferred direction

is not applicable. For this reason (among others) it would have

been preferable to subdivide the vertical section by several parallel

planes. Since satisfactory answers were obtained in short computing

times we did not go in this direction for gammas, although signif-

icant improvements were found in using more vertical divisions in

neutron problems.

The weights in ground were always taken to be foýtr times the

corresponding weights in the air above. Gammas histories were
I

terminated above 600 meters or beyond 1900 meters from the source.
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"APENDIX G

Effect of Neglecting Relativistic Changes in SAM-F

Consider an elastic scattering event between a neutron of

rest energy ½r and a nucleus of rest energy hAr, where A is the

rest mass of the nucleus in units of neutron mass.

Let E1 and E2 b the initial and final kinetic energies of

the neutron, respectively. Then, if 0 is the angle of scattering

in the lab, the relativistic mechanics of the event may be repre-

sented by a momentum vector diagram:

of2 P

where p1 ' P21 P are the magnitudes of the "space" components for

the incoming and (,utgoing neutron and recoil nucleus, respectively.

Invoking the conservation of 4-vector momentum yields:

c 2 p2 = E 2 +rE (G.la)

22 2
c P2 = E 2+rE (G.ib)2 2 2

c2 P 2  (EI-E 2 ) 2+ Ar(EI-E 2 ) (G.lc)

(relations easily derived from, for instance, Leighton, Principles

of Modern Physics, pp. 34-37).
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Letting w = cosO, the Jaw of cosines yields:

p2 =2 +p2 _2p 
(.21l+2- 2lP2' G2

Rearranging equation (G.2) and squaring both sides

4w222 2 4, 2 4 2 2 2+ ,

4w pl2 = p+p 2 +2p2p2+P 4-2P 2(p+p 2) (G.3)

Substituting equations (G.la,b,c) into equation (G.3) yields,

af-er canceling common terms and rearranging

ale2 a2 E2 +a3 =0 (g.4)

where the coefficients of the quadratic equation are given by

a = 4(1-w 2)E2+(A+l) 2r 2+4(l-w 2+A)rEl 'G.5a)

22 2 4(1-w 2 A)rE1+2(!-A 2 2 2 ) 2 E (G.5b)

a = (A-]) r (G.5c)

Letting T = E2/EI:

4(w 2+A-l)rE1 +2(2w2 -1)r2+4rw(E 1 +r)v-l+AT (G.6)
T = 22 2 2

2(A+l) r +8 0(.-w )E1 +8(1-w +A)rE1

where we have retained the root which yields T=1 for w-l (recall

that the additional root was introduced by squaring equation (G.2)).



Letting p = E1 /r, equation (G.6) becomes

1[ - bl+b2 p

T(P) = 2 (G.7)
b3 +b4 P+b 5 P

where the coefficients are given by

"b = 2w 2 +A2 -2+2w w2 -l+A 2  (G.7a)

b2 = 2 (w21+A)+ 2 w/ 2+A2 (G. /ID)

b 3 = (A+l)2  ( 7c)

b4 = 4 .(1-w2+A) (G.7d)

b5 = 4(-w 2) (G.7e)

Expanding equation (G.7) in powers of P and keeping terms to

order P yields:

(p !2 T+ 2(w 1l+A) w. w_1 +A T 41-+
(2_ 2 I2 2) 2 2 TA (I ) P 0 (G.8)

(A+l) Al

. where the non-relativistic energy ratio T is given by

"b" b 2 24-A2 _ +2_ 2______
T = T(o) = 2w I +i),"\V" _+2 (G.9)
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For A>>I, equation (G.8) becomes

r7)

T(0 )=T + 2 A T - (G.10)

For A = 1 and wO, equation (G.8) becomes

T(,3-:T + 2(2-2))To p (G.11)
0O-

Example

Given: E 20 Mev, w=-i;

Substituting •=-! into equation (G.8) yields

4A7T (p)=To 2i °(A+l)" .J

o = E1 /r where r = 2x rest energy of a neutron 2x931 (Mev)

20 Mev 10
"2x931 Mev 931

/ 1- E3oxi02 0(A4)2

Hence, for A=14, the effect of neqlectin. the e

Cnanye is ci dlscrepancy of 0.27%.



APPENDIX H

Organization of the MASTER* Array

The following section describes the organization and contents

of the MASTER storage array. The capitalized name in the upper

left-hand corner of each box refers to a location relative to start.

These locations are used to find sections of data with a minimum

of calculation.

LOCATION (in capitals)
ITEM & CONTENTS COMMENTS

1
(1) See Section 3.2.3.Largest crosssection band

(2) LEGEOM
1 blank location

(3) LSCORE The scores are accumulated and
Region flux stored by CARLO. The scores are
scores for each stored as a function of energy
statistical and scoring region.
aggregate

(4) LREGT This section of the array contains
Region-dependent region-dependent parameters stored
parameters six computer words per region. Th

data are read in and stored by
INPUTD.

(5) LNCOL
Number of
collisions per
region

(6) LENDEP
The energy deposi-
tion per region

(7) LNESC
The weighted number
of escapes and Russ-
ian roulette kills
per region

4 MASTER and ASQER are ,quivale-ced.
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LCUT
The weighted number
of escapes, absorp-

(8) tions, and time and
energy cuts per

LNTMDG
(9) The number of time

cutoffs and degrades
per region

(10) LNABS
The number of
absorptions per
region

For items (5) through (10) the starting locations are computed

in INPUTD. The counts are accumulated in CARLO and are printed in

TALLY.

(11) LSCFAP The scores are computed by FLUP cr FLUPV.
Fluxes for all This section of the array will exist
detectors only if detectors are present in

the problem.

(12) LRAW The actual region weights to be
Region weights used for region importance. The

weights are read in by INPUTD.

(13) LREW The energy weight sets for importance
Region energy sampling. This section exists if
weight sets energy importance is usad in the

problem. The data are read in by
INPUTD.

(14) LAIM The aiming angles for angular impor-
Aiming angles tance. Three words per angle denoting

directIon cosines are stored. The
data are read by ILPUTD. The array
exists only if angular importance is
used.

(15) LAWS The anjular weight sets for angular
Region angular importance. The array exists only
weight sets if angular importance is used. The

data are read by INPUTD.

(16) KSOUR The energy, position, and direction
Source data data for the source distribution.

The data are read 'n by SOUCAL. If
the source is to be generated from
an interaction tape this block of
data will contain the gamma ray
production data instead.
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(17) LLAST This section uses up all available
Latent storage room in the MASTER array. Supergroup
for supergroups latents are stored here. Disk files
(ends at NDQ) will be used for latent storage if

-• the available room is insufficient.

(18) NDQ+l
(Forbidden Storage)
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APPENDIX I

S ( Flux and Percentage Error CalculationK.
There are two ways to measure the average flux, T, in a

region, R. One way is to count m(R), the number of interactions

in the region, and if N is the number of source particles,

S= m (R)

This method is inefficient when R is a thin region. It is then

necessary to use the other method which is called the track length

method:

-= Total distance all particles traveled in R
(Volume of R) x N

This method is inefficient when R is a thick region. Thus, SAM-F

computes average flux per region and per unit energy in each output

energy interval using the expected track length method, or expo-

nential estimator.

The source particles are considered in G equal groups of n

particles each, such that N = Gn, each group being denoted by g=l,

2,...,G. The statistical aggregate size, n, must be specified in

the input. This grouping is made for statisti al purposes. As it

will be shown, although the contribution to the average flux of all

expected track lengths is cumulative, the contribution to the vari-

ance depends on the grouping.

Preceding page blank
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Let S (R,EJ) be the sum of all expected track Ienqthu of

particles from the gth group in region R with energy E in the j th

output energy interval.

The average expected track length per source particle per unit
.~4

th
energy in the j interval is given by

4

G
5 S 9(R,,El)

3(R,Ej) = •=g
(Ej-Ej +)xGn

where Ej, Ej+1 define the j energy interval.

The average flux per source particle per unit energy in the

.th interval in region R is given by

T(R,EJ) = §(R,EJ)W(Ej,R)
V(R)

where V(R) and W(EJ,R) are the volume and the weight in the jth

energy group of region R, respectively. If the energies are given

in ev, expected track lengths in cm, and V(R) in cm3, T(EJ,R) is

obtained in number of particles per ev-cm,-source particle.

The deviation of the average flux is obtained from

G $2 (R,E ) (R2Ej

g-(R,lE = . F? I-
Sg (R,Ej )

CJ=l

and the percentage error is simple 1-.100.
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APPENDIX J

i .. Bounded Biasing in SAM-A

In Section 4.3.8 the expression for the adjoint gamma ray

estimator in the point-to-point geometry was derived. The esti-

mator is normally, (i.e., when natural adjoint sampling is used),

"unbounded in terms of two variables.. Specifically, (referring to

Figure 4.5), the estimator F is given by

F= G _T(J.1)
RTIsin(J

where G is bounded, RT is the distance between the extended gamma

ray track and the source position, and 8 is the scattering angle

required so that the source wavelength and the wavelength along

the gamma track are properly matched, that is:

cos8 l+As -X (J.2)

where X is the source wavelength and A is the wavelength along

the track.

In order to increase the accuracy and rate of convergence of

Mont-e Carlo estimation, it is highly desirable to introduce biased

sampling so that F is bounded. Specifically, the selection of the

variables defining the adjoint gamma ray history must be biased

so that the weight adjustment -ictor, which would be a multiplica-

tive factor in G, needed to ma! e the Monte Carlo unbiased, compen-

sates for the 'wo singularities.
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In the initial stage of the adjoint history, the appropriate

biasing can be carried out in a straightforward way. For primary

gamma ray problems the source must not be too close to the detector.

For secondary problems, the position of the neutron interaction,

which becomes position of the gamma ray source, must be biased to

handle the inverse square singularity for the uncollided gamma ray

estimation. Since RT can be expressed as:

RT = Rlsinal (J.3)

where R is the source-detector separation distance and a is the

angle between the initial direction out of the detector and the

source-detector line, the singularity in 1/RT for the first collided

estimate is simply a singularity in i/Isinal.

The "natural" sampling for the initial direction out of the

detector is isotropic (at least for isotropic detectors). Isotropic

selection can be carried out by choosing coso uniformly between -1

and 1, and by selecting an azimuthal angle, ý, uniformly distributed

between 0 and 2w. To compensate for the singularity, the selection

of a should be made uniform in angle between 0 and n, at least near

0 and w, so that a weight adjustment factor proportional to sina

is needed to make the Monte Carlo history initially isotropic.

To take care of the singularity due to I/IsinaI, a procedure £

similar to the a selection described above should be used. Let

D(X) be the detector response as a function of wavelength. The

"natural" distribution for photon wavelenqth out of the detector
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is proportional to D(X). Let As be the wavelength out of the

A ( - source. Then 0 is defined by equation (J.2). A first collided

estimate is possible only if x S :sAs +2. Therefore the selection

of X would be carried out in two stages. First choose a range

between S ={x,A s 4AIs+2} and S 2 ={A,As+2<Al. If AXAs' the history

gives nothing (there are no photons at energies above the source

energy), so that this range can be omitted. If S2 is chosen, A

is selected using D(A). However, if S1 is chosen, transform the

problem to a 8 selection. Let

h(8) = D(l+A -COSO) (J.4)

Then "natural" sampling is given by the differential

dP = h(8)dcos8

= h(8)sin~dS (J. 5)

If 8 is selected using h(8)dB, then the bias adjustment weight,

proportional to sinO, will exactly compensate for the i/Isinal factor

in the estimator.

When coming out of collision (as opposed to the above des-

cribed situation out of the detector), the problem is complicated

by the fact that the two angles, a and 6, cannot be selected inde-

pendently. This results from the fact that the wavelength A out

of (adjoint) collisions is coupled to the wavelength into collision

X1 by:

A= A'-l+cosa' (J.6)
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where V' is the scattering anqle, while a must IoaLiUfy

cosa = cosa'cosI'+sino'sin6'cos* (J.7)

where a' is the angle between the direction into collision and

the collision-source line, and 0 is an azimuth in a cone of angle

0' with the before collision direction as axis. By taking a close

look at (J.7), we see that for sina' or sinS' near 0, cosa is

almost completely coupled to cosS', so that it would not be possible

to sample independently a and a, since 0 is linked to a' by

cosS = 2+A -A'-cos8' (J.8)

and the singularities could coincide. (Equation (J.8) is obtained

by combining (J.2) and (J.6).)

To take care of this problem, it is necessary to introduce

the biasing one step earlier in the Monte Carlo, specifically in

the selection of the collision position. In the following, the

details of the required biasing procedures are described.

The three variables required at a collision are s, the dis-

tance from the previcus collision, A' = cosa', and i. The "natural"

distribution is given by:

-51tdr

dP = e 0 k(X,X')dsdA'dX (J.9)

where k(X,A') is the adjoint Klein-Nishina kernel properly normal-

ized, the equation (J.6) gives X in terms of A' and A'. The singu-

larity in the estimator can then be expressed in terms of s, A',

and 41 by noting that
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I sin8 = .'l4-):7 2  (J. 10)

where c = 2+X -A, and

. i ~RT = Asin2•+x2 (1-A J.II

where Ro is the distance between the source and the beforo scatter

gamma track, and x is given by:

x = S-S 0 +A'R o COsV/l"-AT (J.12)

and so is the distance from the previous collision point to the

point of minimum distance (to the source) along the before-scatter

track.

Singularities in terms of the variables x, A', and * occur

at

(1) A' = C±l

(2) sin*=O and x=O

(3) sinp=O and A'=_+l

Observing that sin•-p or sin4z7-* when siný is near 0, the

integration near sinp=O can be estimated from

*0

d5_ 1 n 0 0  00(J)13)
2 22+x2 ( 2 0i) o q



Since c"-- principal concern here is with xvl'-A'2--O, (J.13)

can be simplified as:

d - 1 i 2Ro04o (J.14)0 ,/Ro2*2 +x 2 (1_,A, C1 OIx1-' - n(14

0

The integration with respect to x can be carried out near

x=0 to give

S 0- in "2Ro0 o) = L ( - (J.15)

Finall.y it can be observed that the A' singularities invr•.lving

£n(/l-A'2) and (l-(A'-c) 2) are integrable even if c=O (the singu-

larities coincide). This can be seen from A = A'-c and a = cos (A'

As a result:

£n(/l- (cosB+c)2)da (J.16)

_277c) 2

which is obviously integrable for cosB near -c±l.

Taking into account the range of integration for x and p 0 the

singularities integrate to A/R , where A is insensitivt. to the
0

geometry. At each step RT became R for the next step, so that

the weight adjustment RT needed to make the estimator bounded also

insures that tho i/R introduced at the next collision biasing is

compensatc4 for.



The algorithm has not yet been implemented-(except for the

( initial direction) in the code. The procedure therefore will only

be sketched, leaving a full description to the time of actual

implementation. The essential steps are:

(1) Select 8, using equation (J.16) or an explicitly

integrable approximation, taking into account the

"subrange division (see description out of the detector)

and compute A'.

(2) Select x, using equation (J.15).

(3) Select ý, using equation (J.13).

s can then be computed.

Moreover, a reselection technique would be employed, i.e.,

only if the variables s, A', and 0 were such that RT or tsinal i•as

too small would the procedure be used. The Rr singularity has to

be taken care of at every collision, while the IsinBI singularity

is significant only if estimation is possible.
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APPENDIX K

Implementation of Importance Sampling

and Adjoint G-amz=a Ray Transport in SAM-A

The basic procedure for carrying out adjoint gamnma ray

transport in SAM-A is based on a paper by Kalos .The process as

used in SAM-A, however, has the additional feature of wavelength

dependent importance sampling. The entire procedure is outlined

below:

1. Pick A (the initial detector wavelength) from the

normalized probability density function

*(A)D)DL/ S0
ýM = importance function at the detec.-or

DM = detector response function

A 0 = wavelength corresponding to the lowest energy

= wavelength of the source

2. Choose the initial direction, 0, from a distribution

biased towards the gamma ray source (Section 4.2.4).

3. Given the wavelength "A" and the initial direction,"W',

the collision positions along the range are sampled

from

f6s exp[-S,,(S')dS]j

0

where ~. the importance functions in region i al-)nq
~.the ray.

T total cross sec,.tion.

The sampling process is shown belu.%,.

Preceding page blank
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4. For piecewise constant cross sections compute recursively

(in n)

P [l'exp(-PT,lSI)] +
PT, i

ni-

Qn= +_,i" rI exp(- tSj)1-exp(-,iSi)i~l U, i •-i k j=1

where (SlS 2 ,...,Sn) = successi a ray segments in the
regions traversed

+,i= ( ZkCki)R
all k

A

R 0
min(x-2, S)

R ( x' x) 2= + --

T = Thompson's unit

Zk = atomic number of kth nuclide

Ck. = conccntrat'ion of kth nuclide (atoivs/cm 3xl024
in the ith region traversed

When

Qn- • (a random number)

a collision will b2 -ade at a distance "S" within the nth segment

given by

Q[n+n exp n )
n-i in wTn "T, (-T, nS



The random number is incremented by 1 and the wavelength

before and after scatter, direction before scatter, positi-n of

collision, and weight of the particle are stored in a "latent"

table. Note that the wavelength after scatter is computed from

the biased Klein-Nishina distribution as shown in Appendix L. The

collision depositing procedute is then repeated from step 4 above.

When the ray has left the geometry a latent is retrieved, the new

direction is computed and the particle is continued fror, step 3

above. When all latents have been processed a new histofy is

begun from step 1.

I
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APPENDIX L

Procedure for Selection of Wavelength After Collision in SAM-A

For an adjoint collision taking place at wavelength A, the

probability of scattering to the range (jA j+l) is given by:

C A j+l
¢(lj) (X R II' ) dX'

X.
p(A O,x )~ x j__ _ _ _ _ _ _ _

S (X Rj+I X) )

x
0

2 +

where R(A',X) 2 X, (L-+1 +

0(0j) = the importance function in the interval (A.,Xj+I)

1 1 9 -1 1

o -''"source"
enezgy

The relationship between the various lambdas and thie importance

function is shown below.

2 .24A
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The energy range for the scatt.~r4ng is chosen from Op" and the

wavelength after scatter is determined by the following rejection

technique:

Let AL, AU be the wavelength range for the selected interval.

For the range (A2 ,A 3 ) we would have:

AL A0

U 3

For the range (ASA 6 ) we would have

AL

AU A

Given the ALP XU the rejection procedure iLs show& below:

26

let A-)t2

and T 4-=

ALLl

A'e U-A if (+Vl(l+iem)

where J, and t2are random numnbers-

otherwise, repeat from (LA).
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"APPENDIX M

Evaluation of Average Neutron Cross Sections

in the Unresolved Resonance jange

A new method is presented for calculating neutron cross

sections averaged over the partial width fluctuations in the

unresolved resonance range. First, it is shown how the r-dimension

integral (nf4) which appears in the averaging procedure can be

reduced to integration in a single dimension. The resulting

expression is numerically evaluated by a Gaussian quadrature

technique.

M.1 Reduction of the Multidimensional Inieffal to One Dimension

In the unresolved range the average resonance contribution

to the neutron cross section is of the form:

La 2v2 in (31.1)

where

ri = rn ,rfjrX, (M.2)

r = rn+r +rf+rX, (3.3)

and

r i = •iri/v.

Here ri follows the chi-square distribution with vi degrees of

freedom, i.e.,
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r2 = /2 )/-1 vi/ 2 -i -ri/2
fi (ri)dri 2 r(vi/2)] ri e dri. (M.4)

Then Equation (M.1) can be written:

I~
2,J _,n . n - t~f(ri)dri

an,i k2 .1Dtj " .V niSi n IRO+ /R ir i/Vi

(M.4)
whe re,

R = F /T, R.i = ri/r-' l<-n:-4

and T is the sum of all non-fluctuating widths.
0

Note that we have allowed for the possibility of one or more

of the widths to remain constant. There may be up to 4 dimensions

of integration.

In the following it is shown how the cross section may be

reduced to a one-dimensional integral. One must evaluate the

multiple integral:

n (vi/2+m i-1)
OD drir.i r exp (-ri/2)

j = 0 i'Z , (M.6)

U 0 RO• iri•

where m. = 0, 1 or 2.1

This is accomplished by generalizing J to the form:
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A ((vi/2+mi-1) -ri/2 -a (R0+Z7Riri/vi r
s•- o CD driri e e 1

1(a) = f.f i=l R.... . ..
0o+ i Ri/

(M. 7)

so that,

j = I (0).
dl

Evaluation of d- is easily done due to the cancellation of

the denominator in (M.7) yielding the result:

-aR n 2 (Vi+2mi)/ 2 r(mi+Vi/ 2 )

Se o (2m+v%/2 (M.9)dot~ i (l2iii"2 ilv'/

Integration of (M.9) together with the use of (M.7) and (M.8)

then yields:

,n •(mi+vi/2) -aR. -Sn -(mi+Vi/2)
J n [2 r(mi+vi/2v e R (.+2Ria/vi) da

i=l)0 i=l 1 1

(M.10)

It follows from (Mi.5) and (M.10) that:

rirjn n m.tT= il-' 2 r(mi+vi/2)/r(vi/2) H, (M.11)FV i"'n i=l

where:

3



-aR n - (mi+vi/2)
H J da e R (l+2Rci /vi) (M.12)10 i=l

Here mi = 0, 1 or 2 depending on whether reaction width r.

appears as a factor zero, once, or twice, respectively, in the

numerator of the left hand side of (M.11).

14.2 Numerical Evaluation of the Cross. Section by Gaussian Quadrature

In order to evaluate the integral H we first make the

substitution:

C -,(M.13)

This results in the following expression:

.+i 2R(mi+v ./2)

H = 2 (-+4)-2 2 ( i i-2 exp(-R -)dj-ioi-ii

(M.14)

In all practical case.s the value of the integrand rises

sharply from zero at P=-l and contains no singularities in the

entire interval -1 to +1. The method of Gaussian integration

over chis interval with the zeros of the Legendre Polynomial of

ord.-r k taken as points of tabulation should then yield a rapid

scheme of integration.

A check on the accuracy of the integration 3cheme is

easily made. Note that:

( -- g = TF (M.15)n
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which can be compared with the suxm the inttegrals -for all

reactions.

Actual experience with the Gaussian integration has shown

that 20 points yield fractional errors of about 5 x 10-5 in the
• ' -3

rn comparison, while 10 points has an associated error of 2 x 10

Use of 20 points in the integration scheme is fully satisfactory

and has been implemented in the code. Table M.i presents the

abscissas, v, and the weights used in the 20 point integration

scheme. These values are taken from reference 1, Table 25.4.



Table M.1 - Abscissas and Weight Factors for Gaussian Inteyation

Point Number Abscissa Weight

1 -0.99312860 0.017609

2 -0.96397193 MO040M&143

3 -0.91223443 0,06267205

4 -0.83911697 0.08327674

5 -0,74633191 0.10193012

6 -0.63605368 0.11819453

7 -0.51086700 0.13168864

8 -0.37370609 0.14209611

9 -0.22778585 0.14917299

10 -0.07652652 0.15275339

11 +0.07652652 0.15275339

12 +0.22778585 0.14917299

13 0.37370609 0.14209611

14 +0.51086700 0.13168864

15 +0.63605368 0.11819453

16 +0.74633191 0.10193012

17 +0.83911697 0.08327674

18 +0.91223443 0.06267205

19 +0.96397193 0.04060143

20 +0.99312860 0.0176i4C!

9
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i APPENDIX N

structure of the BCD Element Data Tape (EDT)*

Each reccrd of the BCD EDT is a sequenced, 80 column card

-' image (see Figure N.1). The sequence nunber, singly incremented,

is right-adjusted in columns 76-80. Columns 71-751 display the

• assigned MkT' ý. The last record for a mtaterial is signaled by

a negartive MAT #.The bulk of the data, :entered in columns 1.-70

S~of each record, comprises 4 or 6 contiguous groups of records,

as described below.

Group 1: Records 1 and 2

Record #1 (114, E14.6, 3114)

Item Columns Variable Description

1 1-14 LENGTH Total number of entries on
the corresponding binary EDT
for this material.

2 15-28 ATWT Atomic weight
3 29-42 ID Element Identifier
4 43-56 NREC One less than total number of

BCD records for this material.
5 57-70 KCNT Number of entries (binary EDT)

prior to second floatin,3 point
word (first is ATWT).

Rt-cor~d #2 (5114)

Item Columns Variable Description

1 1-14 IT Number of text records.
•2 15-28 IRECA Number of records in Group 3.

3 29-42 NEG Number of photon energies (GPDT)
So, levels (NEDT).
4 43-56 IRECC Number of records in Group 5,
,if NEG>0; ignored if NEG = 0.

5 57-70 IRECD Number of records in Group 6.

• F a il l ri t wlt Ap e nd ces A , B , arid D is p •rereq u is ite t or
a full understandinci of this Append c.

Prece~ding Page blank
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rIy[)0GC0N GFTJ AY 1972s '12

1001 34 8 f) 4148

138 14) 144 1147 1 0 '~4 3F"
153 156 159 162 1 1- 414S
IF-8 171 174 53 74 41,1

!133 29 31 27 414&
29 25 27 2.3 25 41p irn
21 23 19 21 17 414q~ ii
19 15 17 13 15 4148 1?P
11 13 9 11 7 "14P 13
9 5 7 3 5 414F 14~
1 3 7 3 5 414P 1~ r 0

-.'25(,F li 2.4250UUL U6 2,62bOD0E 06 2.97500CIE 06 3.475000C0 (6 4146 i1;-

27fff C6 4o475DUUF, V6 4.975nlpiE 06 5.4750000 06 5.975C')0E P6 '414r 1-?
i~.7,-r,'( F Cc- 6.97bGUuE OF6 7.7250Cr0E 06 8.7?S-COCE 06 9.725000L C£6 4 : 4C 1F

1C7.-5L, F 07 1 .172bUiUL (17 7.72b0OOD 06 8.7.-000F (16 9.7P5,',OLi 0~ jý'14~ P :
0 0 0 0 0 41 4 2nl
n 0 0 0 0 414S 21

0 0n 0414P
0 0 0 0 0 4148 23ý

.'.L-bCflU0V0 .(00E 1.'P00000L 07 1.6500000 07 1.600000E 07 "4 '
1.45rr~icir (,,7 1.'40UOULU 07 1.250000E 07 1.;f0fl00E 07 1.050000L 07 U14FS 25
j.0nCr'UUF (7 9.5LCOOUE 06 9.6001000 0ý6 8.900O000F L)6 8.(0LC0£OL 06 '414P 2(
7* -C($fr0 F M6 7. W-LOUUC L.6 6.k0CC000 06 6.orooGCQ 06 5*2C`Z',CCE 06 !U1P > 7
5.(-f0V(U( 06( 4.2('OO0U Ut C6 4. 0 0 000CIE 06 3.2ý0 00 00OF 06 3.o0(00000 06~ U 14P F ?'
2 .;C,( r it 6 2 .0Uri 0L'U V6 1.101.0000 06 1 .600C'000 cý O, 6.5orrnflt 05 .1L4F ;ý
fuov'r-6IF 05 2.2000UtjE U15 2.UUOCOjUE 05 1,UrPOGOE-05 1.000000E 00 41413 Z

r.10fb~E (0 1.OOCDOUE (00 1,0660COE 00 0. 1.00000OE00(0 '414r 3
.f' UL'F all 0. 1 .000O0ouE 001 1.G000000 00 0. '414b '

n *(, (i 0fJF r, 1.UOfUOUUL U0 ' U. 1O0r0000OO 00 l.OO0O00E n0 414F
(I1.UdOO0UE. 00 1.UOu0OOE 00 U, 1.00[(0000 CO 4!4F -.4

'ucr riucr P r 0. 1.DuouOUE. 09 1.c~oOOOU7 00 0. . 14 t' S5
00feo~C 1.UOO0oUE. ('0 V 1.0000000 no 1.P000000 00 414A 36

I. 1.OOOOUL 00 1:000000E 00 0. loOO00U£E 00 "148 ."7
'.cccuOoo 00 0o 1.0000000 00 10 C000000 00 0. 4148 311
1.LC(POF' 00 1.OOOOOUE DO 0. 1.0009000 00 1.000000E 00 1414F, ýq
c'. 1.UUUOUUL CC 1.0000000 00 0. 1.0000000E ""-'48 L~

F 1 CtfP N. 1. A Sample BCD, EDT.



Group 2: IT Hollerith Records

The format (17A4, A2) is repeated for IT records of descriptive

text.

Group 3: IRECA Fixed Point Records

The format (5114) is repeated for IRECA records of pointers.

If the number of pointers is not a multiple of 5, the remaining

entries on the last record in this group repeat the corresponding

entries on the next to last record (there are always more than

one record for both an NEDT and a GPDT).

Group 4: Discrete Energy Records

If NEG=O, this group is omitted. For NEG>O, the format

(5E14.6) is repeated for IRECB (=(NZG-l)/5+l) records of either

photon energies, in the case of a GPDT, or level excitations, in

the cas- of an NEDT. If NEG is not a multiple of 5, the remaining

entries on the last record in this group repeat the corresponding

entries on the preceding record.

Group 5: IRECC Fixed Point Records

If NEG=O, this group is omitted. For NEG>O, the format

(5114) is repeated for IRECC records of remaining pointers. The

last record may be filled-in, as above.

Group 6: IRECD Floating Point Records

The format (5E14.6) is repeated for IRECD records of floating

point data beyond the pointers, i.e.,energy table and yields for

a GPDT, or energy tables, cross sections, and distributiod tables

for an NEDT. The last record, signaled by a negative MAT in

columns 71-75, may include a few fill-in entries, as described above.
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APPENDIX 0

Bounded Flux-At-A-Point (BFAP) Estimation

1. Introduction

In many instances, the availability of a point estimation

capability represents a desirable extension of the ordinary track

length, or volume estimation method. However, unless special

biasing procedures are employed, flux-at-a-point estimation effects.

infinite variance.

A very efficient scheme, developed by Steinberg and Kalos

involves biased selection of source and collision points such that,

not only are subsequent "last flight" estimates at point detectors

made with finite variance, but, in addition, all estimates are made

with a finite upper bound. This combination of biased selection

and "last flight" estimation, the so-called bounded flux-at-a-point

(BFAP) estimation, is superior to the so-called "once-more-collided"

flux-at-a-point (FAP) estimation because fewer histories are re-

quired to achieve a given statistical accuracy.

The sections which follow describe the mathematical basis for,

. and the coding implementation of the algorithms comprising the BFAP

* estimation procedure.

* 2. Theory

2.1 Point Estimation

The following procedure can be used to make flux-at-i-point

estimates. In the course of each Monte Carlo history, at the time

Preceding page blank

375



.f position (source or collision) selection, a virtual ray is

traced .rom the selected position to the detector. The estimator

term, f, is given by the expression (where a is the direction

vector of the virtual ray):

f = Wg (a)exp(-fa (s) ds)/4w R2

wher2 W is the particle weight at the selected position, g(Q) is
a

the differential directional distribution (discussed Yielow), a is

the total macroscopic cross-section, and R is the distanc6 titween

the selected position and the detector. The integration in the

exponential is along the straight line path from the selected posi-

tion to the detector.

The term g(a) out of a source woul.d be constant for isotropic

distributions; otherwise it is a prescribed function of direction.

At a collision, the situation is more complicate(.. The collision

piocedure is usually carried out in several selection steps:

(1) position, (2) target element, (3) reaction process, (4) scatter-

iag angle. The most efficient place to carry out the point estinm-

tion is between steps (3) and (4), where W reflects the state of

th2 particle after step (3). g(Q) is then, simply, the (laboratory)

angula, 'istribution of the selected reaction for the selected

target, and is actually a function of 00.0, where o is the particle

directinn entering collision.

The principal problem associated with such an estimation pro-

cedure is the presz.ice of the R term in the denominator of f. If

the selected position is near the detector, the estimator is arbi-

trarily large in value. As a means of overcoming this problem,

bteinberg and Ka1ns devised a procedure (discussed below) where

the position selection is biased so that W contains a compensat~ng

factor propcrtional to R2  This then leads to an upper b,,ind for f.
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2.2 Bounded Estimation

Since a full discussion of the theory of bounded estimation

for point detectors is given in Reference 1, only the eusmtals

will be described. Consider a region around the detector at xD

(e.g., a sphere of radiua Ro centered at the detector, or a region

of some other shape containing such a sphere). Then, if the position

selection is biased to be approximately uniform in the distance from

the detector, the compensating weight factor contains a term pro-

portional tc R2 , where R is the distance between the detector and

the selected position.

When the selected position x is a collision position, care

must be taken that the distance to the previous particle position

x is also biased properly to avoid a singularity of the form

R1"2, where R1 is the distance between the previous position and the

collision position. This can be accomplished by first biasing the

direction out of the previous collision so that selection of the

angle a between (x-x 0 ) and (xD-xO) is proportional to a rather than

the "natural" cosa (ignoring local anisotropy). Then the position

along the path is selected from a probability density with a factor

lR 2 .

In Reference 1, an implementation using a reselection procedure

was described, where x is reselected within the detector region by

reselecting a and the distance along the ray. (If the selecteC

position is a source position, the problem does not exist, and ti1e

method descri'ýed in Reference 1 applies.) The principal drawback

of this proced-ire is the need for the availability of the angular

distzibution data to get the proper weight adjustment for the

selection. If the previous position was also a collision, this
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angular distribution d&ta is a function of the particle energy

before the previoua collision, which might not be available at

the time the reselection takes place, because a different band of

cross section data is in the machine.

To avoid this programming difficulty, the angle portion of

the biasing is carried out cLncurrently with the selection of the

direction out of the previous position. The biasing of the distance

along the ray is carried out later in the course of selecting the

collis.on position.

2.3 Multiple Detectors

In genral, the proceduros described above can be easily

implemeuted when there are several point detectors. The estimation

prucedure becomes, essentially, a repetition of the single detector

scheme, with the added complication of possible interactions be-

tween the detectors. The algorithms utilized to resolve this multi-

detector complication are discussed in Section 4.

3. Code Implementation

The implementation of BFAP estimation comprises several dis-

tinct aspects: (1) problem initialization; (2) angle reselection;

(3) position selection: and (4) resolution of multiple detector

conflicts. The first three aspects are discussed in Sections 3.1

to .j.3. Multiple detector effects are the subject of Section 4.
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3.1 Problem Initialization

After reading in user supplied information about the point

detectors, two basic characteristics are precomputed for each de-

tector. The first characteristic is the so-called "critical radius",

which defines a sphere of influence about the detector point, also

referred to as the "critical sphere." The algorithm for computing

this radius is
Rk = ("h (0-1)

where Uk is the total macroscopic cross section of the material

region designated for the k-th detector, evaluated for a nominal

microscopic cross section of 1 barn/atom.

The second characteristic determined for each detector is a

"critical sphere overlap" flag, which is utilized in the resolution

of multiple detector conflicts. If {xk) are the detector locations,

then the algorithm for determining {Lk} (initialized to 0) is

IXk-Xil 2<(R+Ri) 2, for any i # k; set Lk l (0-2)

3.2 Angle Reselection

Angle reselection is indicated whenever an originally selected

(OS) ray intersects the critical sphere of a live detector. In

addition, for post scattering (as opposed to source) directions,

the corresponding post scattering energy must be recomputed. Further-

more, for near threshold inelastic or hydrogen scattering of neutrons,

for which the effective mass of recoiling nucleus is A'<l Fneutron

massi, a special treatment is required, since a range of scattered

directions becomes physically impossible.
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3.2.1 Angle Reselection (General)

Let W be the originally selected (OS) direction. The algorithm

for determining the intersection of live critical spheres proceeds

as follows: For each live detectcr, let Wk = (xk-x)/Ixk-xi, where

xk is'the position of the k-th detector, and x is the particle posi-

tion. Let 6k = W.W k Then, if

6 2 >1 - D2 /X. 2, 6k 0  (0-3)

the k-th critical sohere is intersected by the OS ray. If no live

detector satisfies the conditions of (0-3), no reselection is

necessary, and the remaining procedure is bypassed. If more than

one live detector sphere is intersected by the OS ray, a "multiple

detector conflict" (MDC) exists. Even if only one detector sphere

is intersected, an MDC may have to be resolved due to sphere or cone

overlap (see Section 4).

Ultimately, subsequent to possible resolution of an original

MDC, at mosc one live detector sphere, k, will be intersected by the

OS ray. The angle reselection, then, proceeds as follows: choose

an angle 0* uniformly in the range [H' OL] given by

r = min {Rfk/1x-xk,l.O} (O-4a)

e H = sin-1 (r) (0-4b)

8 = -0H (O-4c)

For near threshold inelastic or hydrogen scattering, the

algorithm of (0-4) is replaced by the special procedure described in

the next section.
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The reselected angle e* yields a reselected (RS) direction

(or ray) W* given by

W* = aw + Wk (0-Sa)

where

a = sin 0*/sin 0 (0-5b)

8 = sin (-0e*)/sin 0 (0-5c)

e = cos (W-Wk) (0-Sd)

To avoid the singularity when 0=0, the following algorithm

precedes (0-5): Let W = Wk = (v , v 2 , v 3 ). Find i for which

Ivil is smallest. Let new W be the vector formed by adding 0.01

to the i-th component of Wk, and normalizing to unity.

Finally, the particle weight must be adjusted by a factor

Wa = C q(A*)/q(A) (0-6a)

where q is the sampling density for lab angle cosines (A and A*

are the OS and RS values, respectively), and

C = sin e*1 (OH " 0L)/I(OH,8L) (0-6b)

I(6H' OL) = coseL - cos8HI eL0

2 - cosOH - cosOL, L<0 (0-6c)

3.2.2 Special Procedure For A'< 1 Case

For near threshold inelastic and hydrogen .cattering, where

the (effective) weight of the recoiling nucleus A'<l, the general

algorithms (0-3) and (0-4) are modified as follows: in addition

to the constraint of (0-3), the ccndition:

W'Wk < Wo.Wk (0-7)

effects a bypass of angular reselection, where W0 , W, and Wk

are the pre-scattering, OS, and the direction to the k-th detector,

respectively.
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If (0-7) is not satisfied, the special procedure for

A'<l proceeds with the computation of three angles $,6,y in

the range (Or).

S= sin"I (A'); 0<_< /2 (O-7a)

6 = cos (Wk*Wo) (O-7b)

Y = min (6,0H) (0-7c)

where 8H is given by (0-4b).

If 0>.y+6, the remainder of the special procedure is bypassed.

Otherwise, define M= 2 (0>6);

= cos' 1 [(coss-cos6cosy)/(sin6siny)] (0<6) (0-8)

Choose , uniformly in [0, I CMg. Compute a temporary W, as

input to the reselection, using

W A Wk + B W (Wk X Wo) (0-9)

where

A = cos6(l - cosy) (O-10a)

B = cosi (O-10b)

C - + sinp (0-10c)

The sign of C is chosen at random with equal probability.

As a final preparation to the reselection procedure, it is

necessary to define 0 H, OL, and 6. Substituting (0-9) into

(0-5d) yields 0=6.

Let U = cosysin6 (o-lla)

V sin2 -siny2 sin2 6 (O-llb)

X = cos 2 sin 26+cos2 6 (0-lic)
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Define e+ in the range (0,21) using:

cos0+ = (cosocos6+ UV)/X; #<w/2 (a-12a)

sine+ = cosB - cos6cose+ ; *<N/2 (o-12b)

sin6 coso

cose+ = cosB/cos6 ; ? = '/2 (0-12c)

sine+ = - cos 2 + ; e /2 (0-12d)

Then, using 0+ as defined above:

e1 = max (6+1 0-) ; 856 (0-13a)

02 = min (e+# 0_) ; Og (0-13b)

l -- min (e+, e-) ; 8>6 (O-13c)

62 = max (+, ea_) - 2n ; 8>6 (Q-13d)

6H = min (0 1, y) (0-13e)

8L = max (02, -Y) (0-13f)

An additional weight adjustment factor C must be computed

by:

C 'MI (OHL)
n-O-ncosO-*MCOsy

where I(eHeL) is given by (O-6c). a and n are angles between

0 and f, given by:

n= cos-1 ((cosy-cosecos6)/sinesin6) (0-14a)
-1

Q = cos ((cos6-cosecosy)/sinesiny) (O-14b)
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3.3 Position Reselection

By means of the algorithms (discussed in Section 4) designed

to resolve an MDC, it is possible for the particle ray to intersect

only one sphere of radius Rk centered at a live detector (see

Figure 0.1).

Figure 0.1

If a collision falls between s1 and s2, reselect in that interval;

similarly for a collision between s2 and s The exact density

f3s) for reselection can be written as84
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f(s) = g(s)/ g(t)dt (0-15)

where

g(s) = Ua(s)W(s)e -s (t)d (0-16)
i

and W(s) is the importance (sampling) weight at s. Since the
exact integration of g(s) is very difficult, it suffices to use

an approximation to g(s) as shown below.

Track from s2 to either s1 or s3. Define t0 = s2* Generate

ti sequentially as the minimum of .5 mean free path distance or a

region boundary crossing until s1 or s3 is reached, which then

becomes tn.

For each interval, define Qi by:

0i = Wiyi B. (arctan( I I arctan( i o

where Wi is importance weight, and pi is cross section, while

B, = (Ai+Ai_) and A. is defined recursively (with Ao=l) by:

1 i A i-1 exp (-i0(ti-ti-l)) %0-18)

Note that when tracking froin s 2 to s1 (backwards) the A

increase with i.

To reselcct a point, first choose an interval I = (ti ,ti)

with probability P. = Qi/ZQ." Then select a point t within the

interval I. using the formula below:
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(0-19)
t ti-to 0 01lto

jt-toI = RS tan (& arctan(-R )-(I-E) arctan( 1-o

where E is a random number.

Finally the carry along weight of the particle must be

multiplied by C given by:

exp(- ia(p)dp)

C (Ro_ k (0-20)C = (tto) 2)ZQB r k+lPJ 0 B(P)W(p)exp(f 
1 j(q)dq)dp

k k

4. Multiple Detector Conflicts (MDC)

4.1 Introduction

Since the special biasing schemes of the BFAP estimation

procedure are based on the concept of detector spheres of influence,

the simultaneous presence of several detectors defines potentially

overlapping regions of influence. Such regions represent multiple

detector conflicts (MDC). rine MDC are resolved via the "live

detector" concept described in the sections that follow.

4.2 The MDC Condition

Relevant to the aspect of angle reselection, the MDC condition

exists whenever any pair of live detectors satisfies the "cone

overlap test" (COT): let X, Xk, and X,, ze the posicions of the

particle, and the k-th, and the Z-th d.•tector, respectively. Let

8k9 = Wk'Wi where Wk = (Xk-X)/IXk-Xi, and W is similarly defined.

Then, if
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8 2 R 22 R(kRyIxik ) xxi) Ux• IXxx•

the COT is satisfied, and an MDC exists.

Although references to "sphere overlaps" (see algorithm (0-2))

and "multiple intersections" (see algorithm (0-3)) also imply the

existence of an "angle" MDC, these tests comprise a sub-set of the

COT. Finally, only a sphere overlap is a significant MDC for

position reselection.

4.3 Resolution of an MDC

An MDC may be resolved by Russian roulette, in which one

("live") detector is chosen for sampling purposes. The implication

of this selection depends on the particular stage of the particle

history at which it occurs.

4.3.1 Position Checking (Source)

After the selection of a source position at the start of a

history, the resolution of an MDC is recorded by the appropriate

setting of the live detector "position flag", KDLIV. The relevant

algorithms are best summarized by a logical flow chart (Figure 0-2).

The case KDLIV >0 implies that there was no MDC. For KDLIV<0

detector #-KDLIV is used for sampling purposes and a special

weight adjustment [2] is necessary to permit bounded estimation for

all detectors. (See below.) Furthermore, the value of KDLIV in-

fluences the direction checking that precedes angle reselection,

as described in Section 3.2. The speclal weight Pdjustment is

n
nbk/ Z b m, wht.e k=IKDLIVI, and b =mx(l, R'/IX-Xml2

m=l m mm
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INITIAL

POSITION

DETECTORCONTINUE

YES (IDET)

RUSSIAN ROULETTE:
PICK IDET KDLIV-IDET

AT RANDOM

Figure 0.2

4.3.2 Direction Checking

Subsequent to position checking (both at a source and a

collision* point), there are a series of direction checks aimed

at resolving an angle MDC by appropriate setting of a live detector

"direction flag," NDLIV. In order to distinguish between a latent

and the current ray being tracked, another "direction flag," IDLIV

assumes the role and tha value of (the computed) NDLIV, whenever

a source particle or latent is picked up for tracking.

* Refer to Section 4.3.3 of this Appondix.
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As in the setting of KDLIV, the relevant algoritms for com-

puting NDLIV are be•t suarized by a logical flow chart.

OS WRAY CN'

IDLI VaIDLIV YES- .J

YES THR NO

SNO YES _

C; R.R. NDLIV-IDEDLIV-IDET N ELP YS3PICK IDET DI=DE

Figure 0.3

By means of the IDLIV (NDLIV) definition, sampling along

the particle ray can be affected by at most one sphere of radius

Rk centered at a detector. Thus, for IDLIV>O, detector sphere

#IDLIV is used; for IDLIV-0, no spheres are used; and for

IDLIV<O, #-ZDLIV is used for sampling and the special weight

adjustment is carried out.

The value of IDLIV also influences the position checking at

a colli3ion point, as described in the next section.
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4.3.3 Position Checking (Collision)

Subsequent to tI-a selection of a collision point along the

current ray, which is characterized by IDLIV (as opposed to NDLIV,

which is computed for a latent), a value of KDLIV is computed for

the latent to be stored. This value of KDLIV has the same signi-

ficance for the latent as the KDLIV which is computed for the source

position. Agdin, the position checking algorithms at the collision

are best summarized by the corresponding flow chart:

CONT'D

LI KDLIV=IDLIV

R* SPHEREV

V** -IDLIV

K~ DLIV=,AL
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APPENDIX P

Combinatorial Geometry Example Employing

All Allowed Md Types

The data sheets which follow, provide the complete input
description for Combinatorial Geometry Example #5, as shown in
Section 3.2.1.3.

Preceding page blank
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APPENDIX Q

Selection of Collision Posi..rions from the

Importance Biased Transport Kernel

Let W(X,E,Q) be the importance weight factor of a particle

at position X flying in direction 0 at energy E. If a particle

is born at position X', in direction i at energy E, the density

of its collisions at a distance S along the track is given by

F(s)ds = F W(X'(X')so, E)
W(X'+sP,Eý)

4.

exp f p(Y'4S'2,E) ds

Further modifications of the above distribution may occur

if point detectors are used. The modifications are then confined

to that part of the track which is within a prescribed cutoff

distance from one of the point detectors. This case is not

covered here, but its discussion is given in Section 3.3 of

Appendix 0.

The distribution F(s)ds is not, in general, a probability

distribution function, as it is not necessarily normalized to

unity. The unbiased transport kernel

n axp (.f d

is normalized to unity. But the biasing function

F W(X',Eý)
W(X'+sý,ES

in general destroys that normalization.
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Figure Q~la shows a scheuiatic plot of the function F(a),

drawn under the assumption that ý points into a direction of

increasing importance (ioe., of decreasing weights,. As ca.

be seen, the s-dependence is e"Is in each reqion, with a dis-

continuity at each bowidary where a change in weight and(or) of

p occurs.

To pick s from such a distribution, we construct the

function:

G(s) = Fts) ds

G(-) gives the normalization of F(s).

If N is an integer such that N < 03(.-)<N + 1, we will

arrange to pick either N or N + 1 distanc&• s, with probability

[N + 1 - G(-)] or [G('*)-N], respectively. Furthernrre, the

collision points will be picked in a stratified way.

To pick the first collision point, we pick a random niLTber

and solve (see Figure Q.lb)

G (s1 ) = E r

To pick the second collision point, we pick another randon

nwuber C2 and solve

G(s 2 ) I , etc.

Before solving for each sn n -•..• + 1, .... +

we test whether such a solution exists, ip, -hhther

G(o) n - 1 + n" If the test is not passed, In n anf 1e

further collisions should be generated f~rom tht f t
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F E

Actually, we do not pick n different random numbers, but

just a single one at the beginning of the flight, and set

ý2 = ý3 ="' n l

In the actual coding, the tracking, integration, and selec-

tion of collision points are done simultaneously.

In describing the process, it is implied that we always

have to track to.(or to "escape") in order to distribute colli-

sion points. To avoid unnecessary tracking into regions of de-

creasing importance, we test. at each boundary, the integrand

F(s) vs a fixed cutoff value F 0 (a number less than 1, which we

like to set as 0.05). If, at some so, F(s 0 ) becomes smaller

than F0 , we Russian-roulette the remaining flightj with prob-

ability [1-F(s 0 )] we cut off the tracking, whereas with prob-

ability F(s 0 ) we multiply the. remaining density function F(s) by

I/F(s 0 ) and continue tracking. The case is illustrated in

Figures Q.lc and Q.ld.
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APPENDIX R

Procedure For Using 7ransmission Regions

A transmission region would be used typically for problems

where a portion of the geometry is subject to change, while the

remainder of the problem (geometry and source) is constant, e.g.,

close calculations inside a variety of vehicles due to a weapon

source in air. The following is a description of the procedures

required to set up a particular problem.

I. General Procedure

Let problem A be that part of the total problem involving

transport from the source to the tvansmission region (the source

must be outside), and problem B that part involving transport

through the transmission region.

In setting up problem A, describe the source according to

3.4.1. The geometry outside the transmission region(s) must be

complete. The transmission regions themselves are considered as

absorbers. However, separate regions must be used for each

different composition at the interface with the real geometry

(see Figure R.1, where regions labeled 11 and 12 are transmission

regions.) Furthermore, if ther,ý are any detectors insiue the

transmission regions, these must be specified. Finally, any

regions associated with small volume detectors must also be speci-

fied. The transmission data output will be on tape 14.

Problem B is set up as follows: the tape produced by

problea A is labeled tape 15. The external source option (NSR=O)

is used. The geometry must be complete, i~e., the true geometry of

the transmission regions as well as the physical geometry of t'ie
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Detector 1 Detector 1
(R 103) 1(Region 5)

Air 0

Detetor Region 12 Detector 2 Region 12

Problem A Problem B

NOTE: Detector numbers (1 or 2) correspond.

Interface regions (11 or 12) correspond.

Small volume region (A-3,B-5) has same
size and shape.

Point detector coordinates correspond.

Typical Transmission~ Region Geometry

Figure R.1
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rest of problem A mist be given. Finally, all detectors must be

described.

In order that problem A and problem B match, the following

correspondences must be made (see Figure R.1).

a. All detectors in the transmission regions must have the

same identifying number (determined by the order of the input

cards), Specifically, do not omit any detectors from problem B

that are outside the transmission region.

b. The region numbers of the interfacnq regions in problem

B (determined by position in the region description deck) must be

the same as the trank,,ission regions of problem A.

c. The geometry of small volume detector regions must be

the same in Lcth problems, although the region numbers do not

have to be the same. However (see (a)) the detector numbers must

correspond.

2, Secondary Gammas

When secondary gammas are run with transmission regions,

five passes are required, (1) neutron-A, (2) gamma-A, (3) neutron-B,

(4 and 5) gamma-B (twice) where (2) and (3) may be interchanged.

Figure R.2 is a schemtatic of the order. To get the complete

answer, simply add the outputs of the two gamma-B runs. Nute that

the tape 14 produced by the neutron-A run is used as tape 15 for the

gamma-A and neutron-B runs (NSR<O,NSR=O respectively).
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Neutron-A

Neutron-B Camma-A

Gamma-B Gamma-B

Each tape is labeled 14 as output and 15 as input.

T contains both interactions and transmissions

T2 contains only interactions.

T3 contains only transmissions.

Secondary Gammas with Transmission Region

Figure R.2
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APPENDIX S

Calculation of Dose by the Adjoint Monte Carlo Method

Consider: the problem of calculating the dose at a detector

within some shielding geometry due to a gamma ray source inci-

dent upon a geometry surface. Actual specification of the source

distribution is given in terms of flux per energy and polar angle

cosine bins. The polar angles are taken relative to the source-

to-detector-axis. The subsequent discussion is directed toward

fi•dimg the dome at the detector due to an elevated ring source

rathme :b the point source for which the fluxes are specified.

Ptephwly. doos due to a point source, per se, can be calculated

by Urm a)oiat current option of SAM-A only for geometry with

azimmatal .ymtry. In the future it is expected to change the

code so that this restriction will no longer hold true.

The approach adopted has been to separate the problem into

two parts:

1) Utilization of the gamma ray adjoint Monte Carlo

code SAM-A to calculate the adjoint current dt the

geometry outer surface for each detector point.

2) Folding the adjoint current with a given source

distribution specified as a flux in energy-angle bins.

We now examine this problem quantitatively.

1. Theory

Consider first the angular variables involved in our

problem by examining the unit sphere shown in Figure S.la. Each

point on the ring source is described by a unit vector (in the

detector-to-source direction) •o where

0 = (sino0 c°Soo' sineosinýo, coso0 ) (S-1)

Similarly another point on the sphere at which source fluxes

and adjoint currents are specified is defined by a vector
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I0

0J

Figure S.la.Angular Variables for the Ring and Source Points
on a Unit Sphere. Angle 00 is the 600 Angle of
the Elevated Ring Source with the Vertical Direction.

?_: -- •8.i j ,

Figure S.ib.The Overlap Area A.. on a Unit Sphere for
Fixed (i.e., a PoinV3Source). Rotation of •
about the Vertical Axis leaNs Aij Unchanged.
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The adjoint current J=J(cose,E) and the source flux S=S(cosy,E) are

specified in cosine-energy bins. S is assumed to be a constant SikF

in a cosine bin cosyi-l-COSyi and an energy bin Ek_-1Ek. Similarly

J is a constant, Jjk' in bins of cosO. and Ek.

The relationship bet.-,een y and 0,0 is given by

cosy = coso cose 0 + sine sinGo cos(O-4 0 ) (S-2)

We first consider the dose f(ýo) at the detector due to a

point source having an angular orientation specified by 4o" As

shown in reference 1, a flux functional such as the dose may be

given in terms of a source term s(P) and an adjoint current term j(P)

as f =fJ(P) s(P)dP

where

P = (r,E,t)

for position, energy, and direction of photoq.

It will be noted that in out case s(P)=S and that the

dependence of S on cosy may be specified in terms of ý and ti via

Equation (S-2)Integration over r and 0 is done (for j) within SAM-A.

Furthermore, integration over cos 8 and E is performed in SAM-A for

j within each of the specified bins.

Assuming integration over position variables has already been

carried out, Equation(S-3) becomes

f(to) = fS(y (O,$,O 0 , 0o),E)j(O, 0 ,E)d(cos 9 )dodE (S-4)

where the implicit de,.3ndence of y on 80,,O, 0 is exhibited.
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The average over .he elevated ring source is now easily

obtained. It is given by

F =• f t6o 0 d°
F (s-)

EquatiorAS-2.) shows that if we define

(S-6)

then the functional dependence of y is given by

Y = Y(M,8,eo) (S-7)

Utilizing Equations S-2 to S-7 allows us to write

F = d(Cose) dO S(y'6,B,60 ),E) j(e,s)(S-8)
1 0

EL

whe-.e

I ___ (S-9)

Equation(s-.;ýexpressea thve fat that the irtegration over * may

be carried out for J prior to integration over the other variables

and is indeed carried out within SAM-A as mentioned above. For S

and J specified in the energy-pclar cosine bins defined above,

Equation W-8) reduices to

F = . J A
F I Sik 4Ojk A -0
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where

cosj

Aiiif d(cosef d8 (S-li)

,•I • ~Cosj_ 8i6

A little thoughc will show that Ai4 is just the overlap of the a and

solid angle polar cosine bands shown in Figure S.lb.Aij can be

evaluated either by numerical integration or analytically by the

use of theorems from spherical geometry . Numerical integration

involves the following considerations:

Equation (S-2)may be rewritten as:

6 = Arc cos sn sn x = cosy is-I7)
snO sine oy (-2

rs-i 0

We are left with a final expression

cosj ix - cose cose l=xis

F = 2 i)k Sik Jjk J d(cosO) Arc cos inO sin 0 (S-13)

co - ( -1

where the factor 2 comes from the fact that 6 in Equation (S-12)

is doubly defined.

The argument of Arc cos sets limits on the allowed values of

cose which may be shown to be:

xcosG0 V - ine 0cose xo + -x sino (S-14)

or alternatively the condition on x becomes:

cos( 6 +80 ) <X<cosU' P ) (S-15)

210.
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These conditions define the interior of an ellipse in the plane

defined by an abscissa x and an ordinate cosO with the semi-major

axis pointing along an angle of r/4 radians with respect to either

the x or cosO axis.

Note that Equation(S-'13)may be written as the matrix

expression:

F = Tr I(SJ)A]J (S-16)

so that for a given set of angular bins the matrix A need be

calculated only once and the summation over iJ.. is then performed

for each different building-detector confiquration.

A discussion of the units and normalizations i3quired to

give the correct dose follows.



2. An Example of the UEes of Units and Normalizations

Let us return to the basic Equations (S-10), (S-11) to con-

sider the units and normalizations we must use. Jjk represents

the adjoint current i.e., the total number of particles crossing

a particular surface in a particular energy-polar cosine bin. It

is calculated in SAM-A. To see what it represents consider the

simple problem of a point detector surrounded by a surface an

epsilon distance from the point. SAM-A then yields a quantity

which is proportional to the response function (a function of

energy only) at the detector in each energy-cosine bin. Indeed

the calculated quantity is

Jjk = Rk/ AcosOj/(2/Acos6j)

= Rk/ 2. (S-17)

Let us consider an example in which the response function is

given in units of (rads/hr)/(photons/cm -sec). Assume the Sik are

given as the source flux in units of (photons/Mev-steradian-source

neutron). To obtain the proper energy relationship it is then

necessary to multiply Equation (S-17) by AEk. As far as solid

angle is concerned thL hij themselves are the proper normalization

factor. However, since in the edit, the normalization E A = 1
i1

is used, a factor of 47r is necessary. A factor of 2 is necessary

from Equation (S-17) and division by 3600 is required to make

the response function independent of time. The total multiplication

factor required :,r secondary gamma rays is

f (4r) (2)/(3600) = 0.698XI0 (S

and Equation (S-10) yields the free field dose
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F fS k Rk Sik Aij rads-=z2/source neutron. (S-)9)

For the non-free field case cne replaces :k by Jik in

Equation (S-19).
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SECTION 6: INDEX (BY PROGRAM)

PROGRAM SAM-X Collision Mechanics 187-192
Elastic Scattering 187-189

BCDEAN (See Output Format) ' Inelastic Scattering 188-189
Core Size Requirements 46-48, 112-113 Continuum 189-190
Cross Sections NCDB Parameter 192

Resolved Resonance 21-25, 54-55
Smooth 33-36, 58-60, et passim Combinatorial G.-_ometry 117-140
Unresolved Resonance 26-32, 57-58, Body Descriptions 122-127, 220-221

363-369 Examples 128-136, 393-395
General Description 117-121

ENDF Data Files 15-20, 33, et anssia Geometry Checker 137-140
GAMIA (See Gamma Ray Cross Section Data)
Gamma Ray Cross Section Data 17, 45, 95 C0•IOON Arrays 212-216

Subroutine Descriptions 95 Core Size Requirements 201, 246-248
Cross Sections

Gamma Ray Production Data 16-17, 42-44, Gamma Ray Ele-nt Data Tape 319-320
79-94 Gamma Ray Production Data Tape 323-325
Subroutine Descriptions 79-94 Neutron Element Data Tape 305-317

o. Organized Data Tape 321-322
General Descriptions 15-17, 46-43 Thermal 186-187
Input Descriptions Use In monte Carlo 191-192

BCDEAN 103-108
General Discussion 97, 109-110 Energy Hierarchy 327
Main (SAMX) 97-98 Error STOP Me--mages 248-252
NUTRON 98-103 Escape Regions 162
PEND 103-104 Flux-At-A-Polat (See Scoring)
WEED 105-106 Flux-In-A-Small Volume (See Scoring)

Fourteen Word Particle Array 207
"Neutron Cross Section Data 16, 21-32, Geometry (See Combinatorial Geometry)

49-78, 82 General Descriptions 115-117, 163-168
Subroutine Descriptions 49-78 IDET Parameter 203,207

Importance Sampling 150-155, 1824184,
NUTRON (See Neutron Cross Section Data) 205, 329-338, 397-400
Output, and Output Formats 17, 45, 78, 96, Input Descriptions 217-241

305-317, 319-320, 323-325, 371-373 Geometry 218-227
Overlay Structure 47 Cross Sections 228-229
PEND (See C--ý!wca Ray Production Data) Monte Carlo 230-241
Reaction Types 33
Resonance Region (See Cross Sections) Interaction File 160-161, 179-180, 206
Secondary Angular Distributions 36-39, Interactions 182-185, 191-192

64-74 J12345 Parameters 203,207
Secondar-y Energy Distributions 39-42, 74-78 Latents 154-155, 176-177, 185, 201-203
Tape and Disk File Assignments 110-112 MASTER/ASTER Array 343-345

,WEED (See Ganma Ray Production Data) NCDB Parameter 192

NDQ Parameter 201, 246-248
Output Descriptions 241-244

Aggregate (Intermediate) Tally 209-210,
PROGRAM SAM-F 242

Banding, Supergroups, Superbins 142-143, OVERLAY Structure 163-168, 211
176-177, 180-181, 201-203 Random Number Sequencer 162, 230

Collision Events (See Interaetions) Relativistic Effects 190, 339-343

Preceding page blank
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Pf=M SAK-F (Continued)

Response Functions 160, 241 Fourteen Word Particle Array 255-256,
Restart Option 162, 230 289-290, 301
Scoring 116, 148-149, 347 General Descriptions 253-257, 264-271

Flux-At-A-Point 178-179, 193-195, Geometry (See SAM-F Section,
210, 375-391 Combinatorial Geometry)

Flux-In-A-Sm 11 Volume 196-200, Importance Samwling 263, 279-282, 349-362,
211, 23, Also See SAM-F Section,

Track Length 116, 347 Importance Sampling

Secondary Gamma Ray Production Input Descriptions 293-297
179-180, 206 Cross Sections 293-29.:

Source -apabilities 144-146, 179-180, Geometry 294, 218-227
204-209, 236 Monte Carlo 294-297

Statistics 158, 230, 347-348
Subroutine Descriptions (Detailed) Interaction File 255-256, 289-290

176-210 Output Descriptions 297-302
AMONTE 176-177; ARG 178-179; Aggregate (Intermediate) Tally 298
ASORTT 179-180; BAND 180-181;
CARLO 181-185; CARSCA 185-186i Scoring 284-289, 292-293, 299, 405-413
DIFIN 186-187; DR3 187-192; Source Capabilities 261, 289-290
FLUP 193-195; FLUPV 196-200; Statistics 263, 294, 347-348
MAIN (SAMF) 201; PICK 201-203; Subroutine Descriptions 278-293
SEEK 204; SOUCAL 204-209; DATORG 278-2791 DIREC 279,
SOUGAM 206; SOUGEN 206-209; DIRSEL 279-282; DOSEDT 282;
SOUPIC 206-209; TALLY 209-210; EDIT 283; ENDET 283; ESTMT
TRALA 210; TRALaV 210 284-289t GASSUP 289-290;

POSGEN 290-192; SET 292;
Subroutine Descriptions (General) 169-175 SEEK 292; JNCOL 292-293
Superbins (See Banding, etc.)
Supergroups (See Banding, etc.) Tae and Disk File Assigrnents 300
Tape and D-.k Yile Assignments 244-246 Time Dependence 262
Thermal Neutrons 156-157 Tracking and Collis~ons 270-277, 349-362,

Diffusic,% Qt.on 157, 186-187, 239 397-400
Tracking 3i,1-185
Transmission Regions 16:., 4(,.- 4 04
Volume Computation 159
WC Parameter 207

PROGRAM SAM-A

Collisions (See Tracking and Collisions)
Combinato4 ial Geometry (See SAN-F Section)
Cross Sections 258, 265, 278-279

Ganma Ray Element Data Tape 319-320
Gamma Ray Production Data Tape .423-325
Organized Data Tape 321-322

Detector Particle Spec.ficaticn 261, 270.
279-283, 290--292, 295, 20,9

Energy Meahe. and Hierarchy 2S9-2',0, 262
Escape Region 264
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